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Abstract

Special wetting materials have been used for the oil and water separation due to their different interfacial attraction of

oil and water. Herein, we successfully fabricated superhydrophobic coatings on stainless steel (SS) mesh by depositing

successive layers of polystyrene (PS) and octadecyltrichlorosilane (OTS) through the dip-coating method. The as-

prepared coating showed a water contact angle (WCA) of 157.5 ± 2°, a rolling angle of 6 ± 2° and an oil contact angle

(OCA) of around 0°. The surface microstructure analysis of the coating revealed a regular pattern of microscale bumps

with nanoscale folds on it, both of which improve the overall superhydrophobicity of the surface. The capacity of

coatings to separate oil and water was examined by employing a variety of mixtures of oil and water, including petrol,

diesel, kerosene, vegetable oil, and coconut oil. In case of low viscosity oil, the coated mesh demonstrated separation

effectiveness of more than 97% and on the other hand, high viscosity oil demonstrated just 89% efficiency. Low

viscosity oils showed a greater permeation flux through the mesh than extremely viscous oil. The mechanical strength

of the coating was examined using bending, twisting, adhesive tape testing, sandpaper abrasion tests, and the findings

indicated that coated mesh had exceptional mechanical resilience. In addition, the developed superhydrophobic mesh

demonstrated excellent thermal stability and self-cleaning properties. Therefore, this

superhydrophobic/superoleophilic mesh has a significant deal of application potential in practical.
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Introduction

Oil spills and industrial effluents inflict significant harm to the ecosystems of the seas, human health, and the

surrounding environment [1], [2]. The safe and responsible disposal of wastewater containing oil has been shown to be

a challenging problem on a global scale. Many approaches have been used for the treatment of oil-water pollution,

including oil skimmers, filtration, oil-absorbing materials, magnetic separations, centrifugal machine, flotation

technologies, and combustion [3], [4], [5]. Traditional methods have various drawbacks, including limited separation

efficiency, time consumption, cost-effectiveness, and the generation of secondary pollutants [6], [7], [8]. Therefore,

cutting-edge technologies are an absolute necessity for the disposal of oily wastewater and the protection of the

environment. Many efforts have been reported in the fabrication of separation membranes with controlled surface

wetting property [9], [10]. The utilization of bio-inspired superhydrophobic materials in oil-water separation processes

is a popular area of study due to its high water repellency and ability to allow oil to enter in it [4], [11], [12]. Therefore,

superhydrophobic materials have been added to commercially available cotton textiles, 3D porous materials, different

polymer membranes, filter papers, and metal meshes for considerable oil-water separation [13], [14]. Chemical etching

[15], [16], spray deposition [17], [18], dip coating [19], hydrothermal method [20], sol-gel processing [21], [22],

chemical vapor deposition [23], electrospinning [24], [25], and layer by layer [26] methods have been used for

modification of porous surfaces. Among these, dip-coating is a quick and effective method of producing bulky,

intricately formed products [27]. Metal meshes have sparked a lot of attention since they are long-lasting, reusable, and

may be used in industry [2], [23]. Porous materials can absorb or filter liquids, and when their surface structure is

adjusted with a specific wettability material, they can help separate oil or water from oil-water mixtures [28], [29].

Numerous types of porous metal meshes, including those constructed of nickel, copper, and stainless steel (SS), among

other materials were used for oil-water separation [30], [31], [32], [33]. Among them, SS meshes have found

widespread use for oil-water separation owing to their high electrical and electrothermal capabilities as well as their

superior resistance to thermal shock [33].

OTS has been used to tune the surface wettability of porous substrates so that oil and water can be effectively

separated. The OTS has low surface energy, hence it improves the hydrophobicity of the rough surface and also shows

high oil absorption capacity [35], [36]. Li et al. [34] recently made superhydrophobic SS mesh by spraying it with a

mixture of OTS-modified SiO  nanoparticles and waterborne PU. This superhydrophobic mesh was able to separate a

mixture of kerosene and water at a rate of 98.3%. Latthe et al. [27] created a superhydrophobic surface by varying the

concentration of OTS in PS solution and the number of dipping cycles. At first, they prepared a homogenous solution

containing PS and OTS using tetrahydrofuran (THF) as a solvent. The pre-cleaned glass substrate was dip-coated (4

times) on the homogenous solution and air-dried to get a superhydrophobic surface with a contact angle of 154 ± 2°. Ke

et al. [37] have built a superhydrophobic and superoleophilic sponge by immersing it in OTS solution. This kind of

sponge has shown an absorption capacity of 42–68 times more than the mass of the sponge for toluene, light oil, and
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methyl silicone oil. Even after being put through 50 separation cycles, this adsorption capacity remained the same.

Liang et al. [38] modified a polyurethane sponge by immersing in an OTS solution for oil-water separation. Cheng et al.

[24] used coaxial electrospinning with PVDF solution as a lumen solution and reactive silicon-containing monomers as

the outer solution to generate superhydrophobic nanofiber membranes with hierarchical micro nano-scale

morphology. The outstanding separation efficiency of 99.6% is achieved with the as-prepared asymmetric composite

membrane, which has an extremely rapid permeation flux. They show a water-in-n-octane permeation flux of

17331 L/(m h) and retain 88% of their original permeance after 20 cycles of operation [24]. Rasouli et al. [13] briefly

reviewed the various aspects of fabrication of superhydrophobic/superoleophilic membranes having mesh, films, and

porous substrates for efficient oil-water separation applications. In order to modify the surface energy of

superhydrophobic/superoleophilic membranes, it is usual practice to use low surface energy chemicals such as fatty

acids, thiols, silanes, polymers based on polyethylene, and carbon nanotubes [13]. These membranes have > 99% oil

separation efficiency in oil-water combinations.

In this research work, a layer of PS was first applied on SS mesh using a dip coating process, followed by an OTS dip

layer to achieve superhydrophobicity. The dip coating cycles were consequently carried out by dip and dry in both PS in

THF and OTS in hexane. The surface structure of a red rose petal was obtained on SS mesh. SEM and EDS were used to

describe the surface morphology and chemical composition, respectively. The gravity-driven oil-water separation

technique was used to determine the oil-water separation efficiency and permeation flux using a custom-made setup.

The mechanical durability of superhydrophobic mesh was evaluated using adhesive tape tests, sandpaper abrasion

tests, bending, twisting, and folding tests. We have achieved the contact angles of 157.5 ± 2° for OPS-2 as well as 154 ± 2°

for OPS-3 in superhydrophobic range and a comparable contact angle of 148.5 ± 2° for OPS-1. The stable and robust self-

cleaning coating was produced by this method as compared with the reported methods.

Section snippets

Materials

Polystyrene (PS) having average molecular weight ∼ 280,000 and octadecyltrichlorosilane (OTS) were obtained from

Sigma Aldrich, St. Louis, MO, USA. Tetrahydrofuran (THF) and hexane were purchased from Spectrochem, Mumbai,

India. Stainless steel (SS) mesh with pore sizes of about 50 µm was obtained from Shanghai Titan Technology Co. Ltd.

China. The petrol, diesel, kerosene (from Bharat Petroleum Corporation Limited, India), vegetable oil (from Garud,

India), and coconut oil (from Parachute…

Surface morphology and chemical composition

Fig. 2(a-f) depicts the surface morphology of meshes after being treated with varying doses of OTS. At low OTS

concentrations, ten successive coating layers of PS and OTS create a rougher surface with nanoscale folds, as seen in

Fig. 2(a). The enlarged view shows that there is a regular micro and nanoscale rough texture, which is essential for

improving hydrophobicity and can be observed in Fig. 2(d). Surprisingly, regular shaped bumps emerged after raising

the OTS concentration by twofold, as…

Conclusions

In conclusion, we have successfully fabricated superhydrophobic and superoleophilic SS mesh by depositing

consecutive layers of polystyrene (PS) and octadecyltrichlorosilane (OTS) using an easy and inexpensive dip coating

method. This allowed us to create a superhydrophobic and superoleophilic surface on the SS mesh. The WCA of 157.5 ± 
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2°, the OCA of about 0°, and the rolling angle of 6 ± 2° were all attained by adjusting the concentration of OTS in

successive layered deposition. The…
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Mk;jsDVlZ  us futh O;kikj ds fy;s fuank dh vkSj mlLks R;kxi= nsdj ;g bPNk izdV dh dh og lekpkj i= 
fudysxk vkSj Qhj ;g dgk dh mlds ikl gLrfy[khr #i es cgqr lsa rF; gSa tks lHkh O;Drh;ksals xgjk laca/k 
j[krs gSa 1- bLV baMh;k daiuhP;k vf/kdkÚ;kr yodjp R;kph izrhdzh;k r;kj >kyh- avk.kh foyh;e cksYV~lph o`Rri= 
LFkkiu dj.;kph ;kstuk /kqGhl feGkyh- R;kewGs Hkkjrkr izFke o`Rri= LFkkiu dj.;kps Js; tsEl vkWxLVl fgDdh 
;kauk izkIr >kys- R;kus 1780 +e/;s fn caxky xW>sV ;k  ukokus o`Rri= izdk”khr >kys- vkf.k Hkkjrkr o`Rri=kpk 
izkjaHk >kyk-  R;kuarj dydRrk xW>sV 1784 Cakxky tuZy 1785 dydRrk dzksfudy 1788] enzl dqfjvj bR;knh 
baxzth o`Rri=s ,dkekxwu ,d izdkf”kr >kyh-;k o`Rri=kapk mn~ns”k ;qjksfi;u vkf.k vWXyks bafM;u yksdkaps euksjatu 
dj.ks gk gksrk-dkj.k ;kauk fczVh”k vf/kdk¹;kapk jks’k vks<kowu ?;ko;pk uOgrk rjhgh ;k o`Rri=karwu fczVh“k 
vf/kdk¹;kaP;k Hkz’VkpkjkP;k ckrE;k izdkf”kr gksr gksR;k-R;k ckrE;k baXyaMP;k ikyZeasVdMs tkm u;s ;kph [kcjnkjh 
?ksryh tkr gksrh- gh o`Rri=s ljdkjh vf/kdk¹;kP;k n;soj fVdqu gksrh- ;k o`Rri=kps egRo gGqgGq Hkkjrh; 
uo”kh{khr e/;eoxkZP;k y{kkr ;sow ykxys- vkf.k Hkkjrh;kauhgh o`Rri=s izdkf”kr djk;yk izkjaHk dsyk- lekpkj niZu] 
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laokn dkSeqnh] ve`rc>kj i=hdk] niZu] ds”kjh] ejkBk] caxkyh] jkLrxksIrkj] ;ax baMh;k vk”kh vusd o`Rri=s 
Hkkjrh;kauh izdk”khr dsyh- ;k o`Rri=kauh Lokra™; pGoGhP;k dkGkr fczVh”kfojks/kh Hkkjrh; tuer r;kj dj.;kr 
egRokph Hkqehdk ctkoyh- 
fo’k; foospu % 
 Hkkjrh; Lokra™; pGoGhr o`Rri=akps dk;Z ikgrkuk 1857 P;k mBkokiklqu rj 1947 i;Zr >kysY;k izeq[k 
PkGoGhpk mYys[k djkok ykxrks- R;kuqlkj 1885 iqfoZps o`Rri=kaps dk;Z eokG dky[kaM] tgky dkt[kaM vkf.k xka/kh 
;qx bR;knh dky[kaMkpk fczVh”k ljdkjP;k fojks/kkr >kysY;k NksV~;k¹eksB;k pGoGhr fczVh”k ljdkjus vk[kysY;k /;s; 
/kksj.kkafo’k;h oqRri=krwu >kysY;k izfrdzh;kapk oqRri=krwu ekaMysY;k Hkkjrh; tursP;k leL;k vknhapk fopkj djkok 
ykxrks- 
1885 iqohZps o`Rri=kaps dk;Z % 
 1857 P;k mBkokus Hkkjrh;kauh eksB;k izek.kkoj fczzVh”k lRrsyk izFke fojks/k d#u Hkkjrkrqu fczVh”kkaph 
lRrk laiq’Vkr vk.k.;kpk ighyk iz;Ru dsyk rsOgkiklqu [kÚ;k vFkkZus Hkkjrh; Lokra™; pGoGhpk izkjaHk >kyk- 1857 
P;k mBkokpk izpkj &izlkj dj.;kr o`Rri=kauh egRokps ;ksxnku fnys R;k dkGkr caxkye/;s vk?kkMhoj vlysys 
o`Rri= Eg.kts ^fagnq isVªh;j*- 1857 P;k mBkokps [kjs Lo#i tursiq<s Li’V ekaM.kss fczVh”kkaP;k tqyeh uhrhoj iz[kj 
Vhdk dj.ks] R;k etwjkaP;k gkyvis’Vkauk okpk QksMqu R;kaP;k tqyeh ekydkfo#n~/k izfrdkjkyk R;kauk mn~;qDr dj.ks 
v”kk Lo#ikps dk;Z R;k o`Rri=kaus pkyfoys gksrs- R;kuarj dh”kksjhpanz fe= ;kaps caxky uoxksiky fe= ;kaps *n u¡”kuy 
isij* vkfn o`Rri=kauh caxkye/;s jk’Vªh; Hkkouk tkx`r dj.;kr vfr”k; egRokph dkefxjh dsyh-1857 P;k mBkokus 
Hkkjrh; yksdkae/;s jk’Vªh; tkx`rh fuekZ.k >kyh- 1857 P;k mBkokuarj lqf”k{khr e/;e oxkZpk mn; >kyk- ;k oxkZus 
pGoGhps usr`Ro dj.;kr iq<kdkj ?ksryk- fczVh”kkaP;k “kks’k.kdkjh uhrhP;k fojks/kkr vkiY;k fopkjkapk izpkj 
dj.;klkBh ;k e/;e oxkZyk o`Rri=kaph vko”;drk Hkklw ykxyh-izR;sd xkoks&xkoh tkowu vkiY;k fopkjkpk izlkj 
dj.ks “kD; uOgrs R;klkBh o`Rri=s gh R;klkBh mi;ksxh ek/;e gksrs-Eg.kwu ;k lwf”kf{kr Hkkjrh; usR;kauh vusd 
o`Rri=s dk<wu fczVh”kdkyhu O;oLFksph ekghrh izdkf”kr dsyh-1875 lkyh [kkuns”k oSHko ;k i=kus ^^ncwu jkg.kkÚ;kauk 
ljdkj vf/kdp nMiwu Vkdr gksrs gk fuR;kpk vuqHko vkgs-Eg.kwu cGkps mRrj cGkusp n~;k;yk ikghts-^^ vlk 
/kkMlh lans”k Hkkjrh; tursyk fnyk-rj Hkkjrkrhy ,dkgh jkT;dR;kZus dsys ukgh brds Hkkjrkps uqdlku fczVh”k 
“kklukus dsys vkgs-^^ vls ^egkjk’Vª fe=* ;k i=dkus Bkeius izfriknu dsys-R;kp lkyh fczVh”k jktiq=kP;k 
HkkjrHksVhP;kosGh R;kP;k Lokxrkr yksdkauh lgHkkxh gksm u;s-vkiY;k rdzkjh f”kok; brj dkghgh R;kP;k dkuh iMw nsow 
u;s vlk lans”k eqacbZrwu Izkdkf”kr gks.kk¹;k ^f”kokth^ ;k o`Rri=kus vkiY;k okpdkauk fnyk-3 cMksn\;kps jkts 
eYgkjjko xk;dokM ;kauk fczVh”k ljdkjus inP;wr d#u cafnLr dsY;kps iMlkn laiw.kZ HkkjrHkj meVys vkf.k 
egkjk’Vªiklwu rj caxkyi;ZarP;k o`Rri=karwu fczVh”k ljdkjoj fVdk >kyh dh] fczVh”k ljdkj R;k eYgkjjko 
xk;dokM ;kauk inP;wr dj.;kpk vf/kdkj dlk iksgpyk vlk iz”u o`Rri=ke/kwu izdkf”kr d#u fczVh”k ljdkjyk 
fopkj.kk dsyh-ve`rc>kj if=dsus rj ,d ikmy iw<s Vkdwu ,dk jk’Vªkps jDr”kks’ku d#u R;kyk jDrghu cufous gk 
,dk lkekU; fczVh”k vf/kdk¹;koj fo’kiz;ksx dj.;kis{kk fdrhrjh xaHkhj xqUgk vkgs v”kh fVdk fczVh”k ljdkjoj 
dsyh-1878 lkyh ;k o`Rri=kus fczVh”kkauh yknysyh xqykexhjh Qkj dkG fVd.kkj ukgh- Lokra= gkp ;”kkpk o 
lq[kkpk ckysfdYyk vkgs vls er ekaMwu Hkkjrh;kauk Lora=rk ;k o`Rri=kus Lokra™;kpk ea= fnyk- jk’Vªh; lHksph 
LFkkiuk gks.;kvxksnjp o`Rri=kauh Hkkjrh; turse/;s jktfd; tkx`rh fuekZ.k dj.;kps dk;Z dsys gksrs- vusd 
o`Rri=kauh fczVh”kkaP;k “kks’k.kdkjh uhrhoj fVdk dsyh- Hkkjrh; tursP;k leL;k o`Rri=krhy ckrE;ke/kwu fczfV”k 
ljdkjyk nk[kowu fnY;k- 1857 P;k mBkokiwohZP;k o`Rri=kis{kk ;k mBkokuarj o`Rri=kph la[;k gh osxkus ok<w 
ykxyh- 1857 P;k mBkokiklwu rj 1875 Ik;ZarP;k dkGkr gh la[;k osxkus ok<r tkowu HkkjrkP;k fHkUu Hkkxkr 
vkf.k R;k&R;k Hkkxkrhy Hkk’kkae/;s izdkf”kr gks.kk&;k o`Rri=kaph la[;k 374 >kyh rj 147 o`Rri=s baxzth Hkk’ksr 
izdkf”kr gksow ykxyh- ;k dkGkrhy o`Rri=s gh Hkkjrh; lektkph eq[ki=sp gksrh] dh T;k eq[ki=kauh fczVh”kkauk 
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Hkkjrh; lektkph xk&gkuh letkowu fnyh- fczfV”kkapk vU;k;h cqj[kk QkMwu yksdkauk nk[kfoys vkf.k tursP;k 
vlarks’kkyk okpk QksM.;kps dk;ZZ ;k o`Rri=kauh dsys-  
eokG dky[kaMkrhy o`Rri=kps dk;Z% 

 1857 P;k mBkokuarj Hkkjrh; tursr jk’Vªh; Hkkouk tkx`r gksow ykxyh- fczfV”kkaph lRrk Hkkjrkrwu lekIr 
djk;ph vlsy fdaok Hkkjrh;kaP;k ekx.;k fczfV”kkadMwu ekU; d#u ?;ko;kps vlrhy rj osxosxG~;k Hkkxkr fczfV”k 
fojks/kh pGoGh pkyfo.kk&;k la?kVukauh ,df=r ;sowu jk’Vªh; la?kVuk fuekZ.k djkoh- vkf.k ;k la?kVusP;k usr`Rokr 
ns”kO;kih pGoG pkyokoh v”kh vis{kk fofo/k Hkkxkrhy usr`Rokrwu O;Dr gksm ykxyh- R;kps vafre ifj.kke Eg.kts 
1885 yk >kysyh jk’Vªh; lHksph LFkkiuk jk’Vªh; lHksph LFkkiuk gksrkp R;kps iMlkn o`Rri=kaojgh meVys 1885 rs 
1905 ;k dk;ZdkGkr jk’Vªh; lHksoj eokG fopkjlj.khP;k usR;kaps izHkqRo gksrs- ;ke/;s nknkHkkbZ ukSjksth] lqjsanzukFk 
cWuthZ] O;es”kpanz cWuthZ] fnu”kk okpk] xksikGd`’.k xks[kys vkfn usR;kapk lekos”k gksrk- ;k usR;kauh fczfV”k 
ljdkjfo’k;h eokG Hkqfedk fLodk#u vtZ fouaR;kP;k ek/;ekus HkkjrkP;k leL;k lksMfo.ks] fczfV”k turspk dkSy 
vkiY;k cktwus r;kj dj.ks] fczfV”k ljdkjph ethZ laiknu dj.ks bR;knh rRokapk voyac dsyk- ;kaph Hkqfedk 
“kkarrke; vlyh rjh jk’Vªh; lHksP;k izR;sd vf/kos”kuke/;s Hkkjrh;kaP;k leL;k lksMfo.;kps Bjko ikfjr dj.;kr 
;sr gksrs- R;k Bjkokaph ekfgrh o`Rri=krwu izdkf”kr d#u tursi;Zar iksgpfo.;kps dk;Z dsys tkr gksrs- R;krwu 
tursr tutkx`rh fuekZ.k gks.;kl enr >kyh- fcVh”kav ;k  “kkfyxzke izfresPkk [kVyk dydRrk mPp U;k;kay;kr 
pkyw vlrkuk gh izfrek “kaHkj o’kkZais{kk iqjkuh ukgh vlk fu.kZ; U;k;k/kh”k ukWjh”k us fnysyk gksrk- R;k fu.kZ;kpk 
fojks/k Eg.kwu lqjsnzukFk CkWuthZauh 2 ,fizy 1883 dks visu v[kckj caxkyhesa fy[kk Fkk dh] ukWjhlus lcwr ns fn;k gS 
dh og bl mPp vkSj ftEesnkj in ds yk;d ugha gSA bl ;qok vkSj ukSflf[k;k U;k;kf/k”k dh lunij yxke yxkus 
ds fy, dqN uk dqN fd;k gh tkuk pkfg,A ;klkBh R;kauk nksu efgU;kph ltk >kyh gksrh-  ;k fojks/kkr dydRrk 
vkf.k caxkyP;k fofo/k Hkkxkr vkanksyus >kyhr- R;kps iMlkn ykgksj] ve`rlj] vkxjk] QStkckn] iquk bR;kfn 
Bhdk.kh gh  iMwu R;k fu.kZ;kpk fojks/k dj.;kr vkyk- xks- x- vkxjdj vkf.k yksdekU;k fVGd ;kauh 1881 e/;s 
ejkBh Hkk’ksr dsljh vkf.k baxzth Hkk’ksr ejkBk o`Rri=s izdkf”kr dsyh- ;k o`Rri=kaP;k ek/;ekus yksdekU; fVGdkauh 
yksdkauk fczfV”kkaP;k fojks/kkr tkx`r dj.;kps dk;Z dsys- R;kcjkscjp jk’Vh; vkanksyukr lgHkkxh gks.;klkBh tursyk 
izsfjr dsys- 1896&97 e/;s iq.ks ifjljkr nq’dkG iMysyk gksrk- R;kosGh ;k ifjljkrhy tursyk “ksrd&;kauh 
ljdkjpk eglwy Hk# u;s vlk izlkj dsljh vkf.k ejkBk gh o`Rri=s vkf.k vkiY;k izpkj lHkkaP;k ek/;ekus 
yksdekU; fVGdkauh dsyh- 1897 e/;s nq’dkGkuarj Iysxph lkFk iw.;kP;k ifjljkr vkyh gksrh- IysxP;k lkFkhps 
fuokj.k dj.;klkBh fczfV”k ljdkjus jWM vkf.k vk;LV g~;k nksu vf/kdk&;kaP;k fu;a=.kk[kkyh Iysx fuokj.k ;a=.kk 
jkcfoyh gksrh- ijarq Iysx fuokj.kkP;k ukok[kkyh ;k fczfV”k vf/kdk&;kauh iq.;krhy yksdkaoj vR;kpkj dj.ks izkjaHk 
dsys- Iysx xzLrkaph ?kjs tkGyh vusd L=h;kaps “kks’k.k dsys ;k fczfV”kkaP;k vekufo; d`R;kaP;k fojks/kkr fVyd us vius 
lekpkj i= ejkBk esa blij fVIi.kh djrs gq, fy[kk Fkk] vktdy uxj esa jkt dj jgh Iysx vius ekuoh; 
#ikarjksls vf/kd n;kyw gSA5 vlk Vksyk oàRRki=kr gk.kwu ;k dkGkrhy fczfV”kkaph tqywe”kkgh Iysxis{kkgh okbZV vkgs gs 
Li’V dsys- R;kps iMlkn iq.;krhy dzkarhdkjdkaoj iMys- pkQsdj ca/kwuha ;k nksUgk vf/kdk&;kaph xksG~;k ?kkywu gR;k 
dsyh- R;kr yksdekU; fVGdkaukgh fczfV”k ljdkjus nks’kh ekuwu R;kaP;koj ns”knzksgkpk vkjksi ykowu vBjk efgU;kph 
f”k{kk fnyh- yksdekU; fVGdkauh fczfV”k ljdkjP;k dSnsP;k f”k{ksyk u tqekurk Hkkjrkyk Lokra«; feGowu ns.;klkBh ;k 
o`Rri=kaP;k ek/;ekus tutkx`rh djhr jkfgys- 
Tkgky dky[kaMkrhy o`Rri=kaPks dk;Z % 

 jk’Vªh; lHksP;k Lokra™; pGoGhph foHkkx.kh dsY;kizek.ks 1885 rs 1905 ;k dkGkr eokGpk izHkko vlyk 
rjh yksdekU; fVGdkaP;k tgkyoknh fopkjkaph lq#okr tgky dky[kaMkr >kyh gksrh- ;k dkGkrp vkiys tgkyoknh 
fopkj o`Rri=krwu ekaMwu fczfV”k ljdkjpk fojks/k dsyk gksrk- 1905 rs 1920 ;k dkGkrhy fczfV”k fojks/kh 
pGoGhoj tgky fopkjlj.khpk izHkko iMyk- Hkkjrh; turk ;k fopkjkauk izsfjr >kyh- R;kpk ifj.kke o`Rri=koj 
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gksowu fczfV”k vf/kdk&;k fo’k;h ij[kM fopkj ekaMwu ;k dkGkr >kysY;k pGoGhpk izpkj&izlkj dj.;kr ^caxkyh*] 
^dsljh*] ^ejkBk*] ^U;q bafM;k*    bR;knh o`Rri=kauh egRokps dk;Z dsys- ;k dkGkrhy o`Rri=kP;k dk;kZph lq#okr 
1905 P;k oax Hkx pGoGhP;k izlkj&izpkjkiklwu >kyh- caxky QkG.khP;k fojks/kke/;s caxky e/;s jk’Vªh; dkWaxzslus 
oax Hkax vkanksyu lq# dsys- lqjsanzukFk cWuthZ] d`’.kdqekj fe=] i`Fohlpanz jko o vU; usRkkvksa us foHkktu izLrko ds 
f[kykQ caxkyh ghroknh lathouh tSls v[kckjks vkSj izf=dkvksa ds ek/;e ls vkanksyu NsMkA6 vkf.k oaxHkax 
vkanksyukph lq#okr >kyh- 16 vkWDVkscj 1905 gk fnol ^nw[koVk fnol* Eg.kwu lktjk d#u ;k vk/kkjs QkG.khpk 
fojks/k dsyk- oax Hkax vkanksyukfo’k;h tkx`rh fuekZ.k dj.;kps dk;Z o`Rri=kauh dsys- R;kuqlkj ykWMZ d>Zuus  dsYksY;k 
dk;kZoj o`Rrki=krwu eksB~;k izek.kkoj fVdk >kyh- ^ve`r cktkj if=dk* ;k o`Rri=kus ykWMZ d>Zups 1905 e/;s 
>kysYks dydRrk fo|kihBkrhy Hkk’k.k nwl&;kp fno”kh Nkiys- R;kcjkscjp ykWMZ d>Zuph iqLrd ‘n izkWCysEl vkWQ 
bZLV’ ph ekghrh ckWDl cuowu izdkf”kr dsyh- R;ke/;s ykWMZ d>Zuus egkjk.kh fOgDVksfj;kP;k vlysY;k vkiY;k 
laca/kkpk mYys[k dsyk gksrk- R;keqGs ykWMZ d>Zupk [kksVsi.kk tursleksj vkyk- R;kph cnukeh >kyh- R;kcjkscjp 
fczVuP;k ^fodyh VkbZEl* us ;g [kcj Nki nh dh] “yxrk gS dh lR; dk lEEkku djuk ykWMZ d>Zuus vius fookg 
ds ckn iRuh ds ekxZn”kZu esa gh fl[kk gS ;g vesfjdhvksa dk [kkl xq.k gSA”7  1906&07 e/;s fganw&eqfLyekae/;s 
fczfV”k vf/kdk&;kauh fnysY;k fpFkko.kheqGs naxyh >kY;k vlk Li’V vfHkizk; ^yaMu Msyh U;qt* ;k o`RRki=kus fnysyk 
vkBorks- oax Hkax pGoGhP;k dkGkr fczfV”kkauh caxky izkarkrhy tursoj ts vR;kpkj dsys R;kpk o`RRkkr yaMu Msyh 
U;qt ;k o`Rri=kus izdkf”kr dsyk vkf.k jf”k;u tqYkqe”kkghyk yktfo.kkjs vR;kpkj caxkye/;s ?kMr vlY;kps R;kus 
fczfV”k tursP;k funZ”kukl vk.kwu fnys- d>ZUkP;k Hkkjr fojks/kh o izrhxkeh /kksj.kkph  ekfgrh ^caxky*] ^la/;k*] 
^;qxkarj* ;k o`Rri=kaP;k ek/;ekusgh Hkkjrh; tursyk gksr gksrh- 1905 lkyh yksdekU; fVGdkauh dsljh o`Rri=krhy 
ys[kkr ^d>Zuph rqyuk vkSjaxtsck”kh* dsyh gksrh- yksdekU; fVGdkauh ,dk ys[kkr ljdkjh vf/kdkjh dks.krsgh dkj.k 
ulrkuk yksdke/;s ng”kr fuekZ.k djrkr v”kh yksdkauk osxosxG~;k izdkjph Hkhrh nk[kowu R;kaP;kr uSjk”; fuekZ.k 
djrkr rsaOgk LQksVd ckWEcpk vkokt ;k vf/kdk&;kauk vkf.k ljdkjyk psrko.kh nsrs dh] yksd “kkar vkf.k fu’dzh;  
clus vkf.k nMi”kkgh  “kks’k.kkyk lgu  dj.;kP;k lhek ifydMs  xsysys vkgsr vkf.k vkrk dkghrj dj.;kP;k 
ekxkZoj vkgsr gs o`RRk fczfV”k ljdkjyk lgu >kys ukgh vkf.k R;kauk jktnzksgkP;k [kVY;k[kkyh 24 twu 1908 e/;s 
lgk o’kkZph dkG~;kik.;kph f”k{kk fnyh-  ;k dkGkiklwu 1914 Ik;Zar fu’dzh; >kysyh jk’Vªh; dkWaxzsl yksdekU; 
fVGdkaP;k lqVdsuarj iqUgk tkx`r >kyh- yksdekU; VhGd vkf.k vWuh cs>aV ;kauh tgky vkf.k eokG R;kpcjkscj 
eqfLye fyx ;kaP;kr 1916 P;k y[kukS vf/kos”kukr ,drk ?kMowwu fczfV”k fojks/kh pGoG iqUgk izkjaHk >kyh- ;k 
dkGkrhy egRRoiw.kZ pGoG Eg.kts gkse#y pGoG gks;- gkse#y ;kpk vFkZ Lo”kklu vlk gksrks- vWuh cs>aV us 
vk;yZaM izek.ks Hkkjrkykgh Lo”kklu feGkos Eg.kwu gkse#y pGoG izkjaHk dsyh- 1915 P;k lq#okrhykp vWuh cs>aVus 
^U;q bafM;k* vkf.k ^dkWeufoy* ;k o`Rri=kP;k ek/;ekus gkse#y pGoGhph ?kks’k.kk dsyh- jk’Vªh; dkWaxzslP;k usR;kauk ;k 
pGoGhyk ikfBack ekfxryk- R;kr yksdekU; fVGdkauh iq<kdkj ?ksowu ns”kkrhy izeq[k nksu dsanzkrwu gh pGoG 
pkyfoyh- yksdekU; fVGdkaps dsanz csGxkao rj vWuh cs>Vps daasnz vM~;kj enzkltoG gksrs- nks?kkauhgh vkivkiys Hkkx 
okVwu ?ksowu gkse#y pGoG pkyfoyh gksrh- yksdekU; fVGdkaP;k usr`Rokrhy pGoG tksekr pkyw vlrkuk 23 tqyS 
1916 jksth Hkkjrkr vlarks’k fuekZ.k dj.;kP;k vkjksik[kkyh R;kauk vVd d#u R;kauk izFke eWthLVªsVP;k U;k;ky;kr 
[kVyk pkyo.;kr ;sowu nks’kh djkj ns.;kr vkyk- ijarq yksdekU; fVGdkauh mPp U;k;ky;kr vihy dsyh rsaOgk mPp 
U;k;ky;kus funksZ’k djkj fnyk gksrk- ^bl thr ds fy, xka/khus  ^;ax bafM;k* v[kckj esa fy[kk ;g vfHkO;Drh  dh 
vktknh dh] cgqr cMh thr gSA gkse#y vkanksyu ds fy, ,d cgwr cMh lQyrk gSA9 vWuh cs>aVP;k gkse#y 
pGoGhr lgHkkxh vlysY;k yksdkauk O;DrhxrfjR;k funsZ”k ns.;kr ;sr gksrs- fdaok ^U;q bafM;k* ;k o`Rri=kr v#aMsyus 
izdkf”kr dsysyh ckreh okpwu iq<s pGoGhr dk; djk;ps vkgs gs lnL;kuk dGr gksrs- vkf.k R;kuqlkj vWuh cs>Vph 
gkse#y pGoG O;ofLFkr pkyr gksrh- gkse#y pGoGhpk izlkj dj.;kr ;k o`Rri=kus pGoGhrhy lgHkkxh 
usR;kizek.ksp lgdk;Z fnys- 
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xka/kh;qxkrhy o`Rri=kaPks dk;Z % 
 1920 iklquP;k pGoGhoj egkRek xka/khaP;k fopkjkapk izHkko gksrk Eg.kwu 1920 rs 1947 ;k Lokra«; 
pGoGhP;k dkGkyk xka/kh ;qx Eg.kwu vksG[kys tkrs- xka/khthauh lR;] vfgalk vkf.k lR;kxzg ;k rRokP;k vk/kkjs ;k 
dkGkrhy pGoGh pkyfoY;k- Hkkjrkyk Lokra«; vfgalk vkf.k vlgdkj ;k rRokauh izkIr djrk ;sbZy vls R;kps Bke 
er gksrs- mUgksus ;ax bafM;k uked if=dkesa fy[kk Fkk] ^ftu _`f’k;ksa us fgalk ds fcp vfgalk ds fl/nkar dks [kkst 
fudkyk os ^U;qVu* ls vf/kd iz[kj cq/nhokys yksx Fks] os Lo;a oSfyaxVu ls vf/kd foj ;ks/nk FksA Lo;a gfFk;kjksa dk 
iz;ksx tkurs gw, Hkh mUgksus bldh O;oLFkk dks vuqHko fd;k vkSj mUgksaus ;q/n ls nq%[kh lalkj dks cryk;k dh bldh 
eqDrh fgalkOnkjk ugha vfirq vfgalkOnkjk gh gSA*10 fgalsus fgalkp fuekZ.k gksr vlrs- R;keqGs vfgalsP;k ekxkZaus 
lR;kxzg dsY;kl Lokra«;kcjkscj “kkarrkgh feGsy v”kh vk”kk vkiY;k fopkjkrqu O;Dr dsyh- R;kauh fczfV”k ljdkjyk 
lgk¸; u dj.ks fczfV”kkauh fuekZ.k dsysys vU;k;h dk;ns lR;kxzg d#u rksM.;kpk iz;ksx R;kauh vkiY;k pGoGhe/;s 
dsyk- xka/khthaP;k usr`Rokrhy pGoGhps ,d egRoiw.kZ oSf”k’V; dh R;kauh dkexkj] “ksrdjh] L=h ;kapk lgHkkx 
pGoGhr d#u ?ksryk R;keqGs ;k dkGkrhy pGoGhph O;kidrk ns”kO;kih gksrh- [ksM~;k&ikM~;kiklwu yksd Lokra«;kP;k 
pGoGhe/;s lgHkkxh >kys gksrs- ;k dky[kaMkr 1920 yk vlgldkj pGoG O;kid Lo#ikr >kyh- R;kr ljdkjyk 
lgdk;Z u dj.;koj Hkj ns.;kr vkyk gksrk- inO;kapk R;kx dj.ks] ofdyh O;oLkk; lksM.ks] ljdkjh “kkGkapk R;kx 
dj.ks] ijns”kh ekykpk cfg’dkj dj.ks bR;knh vlgdkjkREkd ckchaoj Hkj ns.;kr vkyk gksrk- ;k pGoGhpk izlkj 
dj.;ke/;s lHkk] Hkk’k.ks ;k cjkscj o`Rri=kauhlq/nk eksykps lgdk;Z dsys- ^uothou*] ^;ax bafM;k*] ^fganqLrku VkbZEl*] 
^bufMisaMaV* bR;knh o`Rri=kauh vlgdkj pGoGhpk izpkj&izlkj [ksM~;kikM~;ki;Zar dsyk- 1920 rs 1922 Ik;Zar 
vlgdkj pGoG tksekr pkyw vlrkuk 5 Qsczqokjh 1922 jksth vlgdkj pGoGhrhy lR;kxzgh vkf.k fczfV”k lSfud 
;kaP;kr fgalk ?kMwu vkyh- R;kuarj egkRek xka/khuha vlgdkj pGoG ekxs ?ks.;kpk fu.kZ; ?ksryk- fczfV”k ljdkus 
vlgdkj pGoGhl egkRek xka/khuk dkj.khHkwr Bjfoys vkf.k R;kaP;k vVdsph ckreh ;sow ykxyh- rsaOgk 9 ekpZ 
1922 P;k ;ax bafM;k ;k vadkr xka/khthauh  ^eh tj idMyks xsyks rj* g~;k eFkG~;kpk ys[k fygyk o jk’Vªh; 
lHksP;k dk;ZdR;kZauk [kknh] jk’Vªh; f”k{k.k] fganq&eqfLyekaps ,sD;] vLi`”;rk fuokj.k oSxjs fo/kk;d dk;Zdze dfjr jgk 
o vuR;kpkjkps ozr ikGk vlk mins”k dsyk- lk;eu dfe”kue/;s  ,dgh lnL; Hkkjrh;  ulY;keqGs jk’Vªh; 
dkWaxzslus R;kaPkk fojks/k dsyk vkf.k fczfV”k ljdkjpk cfg’dkj dj.;kpk fu.kZ; ?ksryk] R;kuarj 1929 e/;s iw.kZ 
LojkT;kpk Bjko  ikfjr dj.;kr vkyk- rsaOgk egkRek xka/khuha 12 twu 1928 ds ^;ax bafM;k* esa djk FkkA dgk 
tkrk gS dh Lora=rk dk izLrko gh mphr tokc gS----- vk;ksx dh fu;qDrh ¼lk;eu vk;ksx½ dks mfpr mRrj 
feyuk pkfg,] Hkk’k.k pkgs fdrus Hkh cgknqjh ls Hkjs gks] ?kks’k.kk,Wa pkgs ftruh Hkh lkgliw.kZ gksa] mldks bldh 
vko”;drk ugha gS] blds fy, mfpr dkjZokbZ dh tkuh pkfg,A12 gk xka/khthapk fopkj Hkkjrh;kauk Lokra«;kP;k 
pGoGhlkBh izsfjr djhr gksrk- iq<hy pGoGhyk Hkkjrh; yksdkauk r;kj dj.;kps dk;Z djhr gksrk- fczfV”k ljdkjus 
dkWaxzslph iq.kZ LojkT;kPkh ekx.kh ekU; dsyh ukgh HkkjrkP;k lanHkkZr fopkj&fofue; dj.;klkBh 1930 rs 1932 P;k 
njE;ku xksyest ifj’knkps vk;kstu fczfV”k ljdkjus dsys gksrs- R;k xksyest ifj’knkauk jk’Vªh; lHksps usrs xka/khthauk 
baXyaMyk tk.ks visf{kr gksrs ijarq ,d o’kkZuarj ^lfou; dk;nsHkax*  pGoG pkyfo.;kps xka/khthauh Bjfoys gksrs 
Eg.kwu baXyaMyk tk.;kph ;kstuk jn~n dsyh vkf.k tuojh 1929 ds ^;ax bafM;k* esa fy[kk% eq>s ,slk yxrk gS dh] 
;fn eSa ;qjksi pyk x;k rks yksxksa ds lkFk /kks[kk djus dk vijk/kh gksmWaxkA esjh varjkRek eq>ls dgrh gS dh og 
flQZ tks esjs lkeus vkrk gS mldk eqdkcyk djus ds fy, eq>s r;kj jguk pkfg, cfYd eq>s lksp fopkj dj dksbZ 
dk;Zdze lq>kuk pkfg,A bu lcls mij eq>s vxys o’kZ ds la?k’kZ ds fy, r;kj jguk pkfg,] bldh “kDy pkgs tks 
Hkh gksA13 1930 e/;s egkRek xka/khuh lfou; dk;nsHkaxkph pGoG izkjaHk dj.;klkBh feBkpk dk;nk eksM.;kpk 
fu.kZ; ?ksryk- 12 ekpZ 1930 jksth lkcjerh vkJekrwu 79 vuq;k;klg leqnz fduk&;kojhy  nkaMh ph ;k=k izkjaHk 
d#u 5 ,fizy 1930 jksth ehB gkrkr ?ksowu ehBkpk dk;nk rksMyk vkf.k lfou; dk;nsHkaxkP;k pGoGhyk lq#okr 
>kyh- T;k Hkkxkr leqnz fdukjk gksrk rsFks ehB r;kj d#u dk;nk rksM.;kr vkyk- dkgh Hkkxkr taxy lR;kxzg >kys 
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R;kr taxyk laca/khps dk;ns rksM.;kr vkys- ;k pGoGhe/;sgh o`Rri=s fofo/k Hkkxkr ?kM.kk&;k ?kVuk izdkf”kr djhr 
gksrs- T;keqGs ns”kHkjkrhy yksd ;k pGoGhr lgHkkxh gksowu vusd fczfV”kkaps vU;k;h dk;ns yksdkauh ;k dkGkr 
rksMys- 1933 e/;s egkRek xka/khuh ^gfjtu* o`Rri= dk<ys R;kuarj pystko pGoG izkjaHk gks.;kP;k vxksnjp 
fczfV”kkauh gk ns”k lksMwu tkos ;k mins”kkrwu egkREkk xka/kh 10 es 1942 P;k gfjtu o`Rri=kr Eg.kkys dh] 
Undertereted non-cooperation: “so his suggestion was that Britain should be colled Upon to quit India and 

“Leave the country in the hand of god” 15  ;kpo`Rri=krwu 1942 P;k pystko pGoGhr 23 vkWxLV 1942 yk 
Jh fd”kksjyky ewa>qokyk ;kauh vfgald dzkarhr ;kiSdh dks.kR;k xks’Vh clw “kdrhy o dks.kR;k clw “kd.kkj ukghr ;k 
laca/kh vkiys er egkRek xka/khuh iq<hy izek.ks tkfgj dsys rs Eg.krkr] ljdkjh dps&;k] cWadk] /kkU;&dksBkjs bR;knhaph 
yqV vFkok ekjihV ;k xks’Vh d# nsrk dkek u;sr- nG.koG.kkph lk/kus thforkyk /kksdk u gksbZy v”kk izdkjs 
vuR;kpkjh ekxkZus rksM.ks “kD; vkgs- la?k dj.ks gk lokZr Js’B ekxZ vkgs] rks tj djrk ;sbZy rj rs iqjslk izHkkoh 
gksbZy R;kr vuR;kpkjkP;k n`’Vhus eqGhp nks’k jkg.kkj ukgh- vktP;k lkj[;k y<~;kr rkjk rksM.ks #y m[kM.ks] 
ygku&ygku iqy ikMwu Vkd.ks ;k xks’Vh djrkuk thforkyk /kksdk ;s.kkj ukgh ;kcn~ny tj iw.kZ lko/kfxjh ?ks.;kr 
vkyh rj R;k dj.;kl gjdr ukgh- 14 v”kh ers pystko pGoGhrhy vfgalkRed  ekxkZus pkyfo.;kP;k lanHkkZr 
ekaMys gksrs- ;k pGoGhP;k dkGkr tsaOgk 8 vkWxLVyk dkWaxzslP;k usR;kauk vVd dj.;kr vkyh vkf.k 9 vkWxLV 
1942 jksth yksdkauhp pGoG izkjaHk dsY;koj ;k pGoGhr yksdkaph yksdfiz;rk r;kj dj.;kr vkf.k tkx`rh fuekZ.k 
dj.;kl egRokps lgdk;Z dsys-  
 v”kk r&gsus toG&toG 1857 P;k mBkokiklwu izkjaHk >kysY;k vkf.k 1942 P;k pystko pGoGhi;ZarP;k 
dkGkrhy >kysY;k vusd pGoGhe/;s Hkkjrh; o`Rri=kauh eksykph dkefxjh dsyh- tursYkk loZp Lrjkrhy ckrE;k 
iqjfo.;kps dk;Z dsys- pGoGhe/;s pkyfoysY;k gkypkyhaph ekfgrh HkkjrkP;k ,dk Hkkxkrwu nql&;k Hkkxkrhy tursyk 
iksgpfo.;kps dk;Z ;k o`Rri=kauh dsys- ijfd;kaps Hkkjrh; tursoj gks.kkjs vU;k;] tqyqe] “kks’k.kkP;k O;Fkk m?kM~;koj 
vk.kY;k- fczfV”k fojks/kh Hkkjrh; tursr tkx`rh ?kMowu vk.kyh- Lokra«;klkBh pkyysY;k pGoGhe/;s tursyk 
lgHkkxh gks.;kl izsfjr dj.;kps dk;Z o`Rri=kauh dsys- ,danjhr Lokra«; pGoGhrhy o`Rri=kauh ctkoysyh Hkwfedk 
vkiY;kyk ukdkjrk ;sr ukgh- R;kr o`Rri=kpk cgweksy okVk vkgs-  
 

lanHkZxzaFk lwph% 
1- xzksOgj ch- ,y-] vk/kqfud Hkkjr dk bfrgkl] ,l- paUn ,.M dEiuh izk- fy-] ubZ fnYyh] 34 okWa- 

laLdj.k&2014] i`-dza- 264 
2- MkW-oSn; lqeu] MkW- “kkark dksBsdj] vk/kqfud Hkkjrkpk bfrgkl] Jh lkbZukFk izdk”ku] ukxiwj] 

r`rh;ko`Rrh&2000 Ik̀-dza- 385 
3- fdRRkk i`-dza- 218 
4- fcfiu panz ,ao vU;] Hkkjr dk Lora=rk la?k’kZ] fganh ek/;e dk;kZUo; funsZ”kky; fnYyh fo”ofo|ky;] 28 

okWa iquZeqnz.k&2008] i`-dza- 69 
5- xzksoj ch- ,y- ,ao vU;] vk/kqfud Hkkjr dk bfrgkl] i`- dza- 310 
6- fcfiu panz ,ao vU;] Hkkjr dk Lora=rk la?k’kZ] Ik`- dza- 86 
7- fdRRkk i`-dza- 69 
8- MkW- oSn~; lqeu] vk/kqfud Hkkjrkpk bfrgkl i`- dza- 263 
9- fcfiu panz ,ao vU;] Hkkjr dk Lora=rk la?k’kZ] Ik`- dza- 118 
10- xzksoj ch- ,y- ,ao vU;] vk/kqfud Hkkjr dk bfrgkl] i`- dza- 333 
11- MkW- tkoMsdj “ka- n- vk/kqfud Hkkjr] lqyHk jk’Vªh; xzaFkekyk] iq.ks r`rh;ko`Rrh i`- dza- 382 
12- fcfiu panz ,ao vU;] Hkkjr dk Lora=rk la?k’kZ] Ik`- dza- 201 
13- fdRRkk i`-dza- 204 
14- MkW- tkoMsdj “ka- n- vk/kqfud Hkkjr] Ik`- dza- 476 
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Abstract

Special wetting materials have been used for the oil and water separation due to their different interfacial attraction of

oil and water. Herein, we successfully fabricated superhydrophobic coatings on stainless steel (SS) mesh by depositing

successive layers of polystyrene (PS) and octadecyltrichlorosilane (OTS) through the dip-coating method. The as-

prepared coating showed a water contact angle (WCA) of 157.5 ± 2°, a rolling angle of 6 ± 2° and an oil contact angle

(OCA) of around 0°. The surface microstructure analysis of the coating revealed a regular pattern of microscale bumps

with nanoscale folds on it, both of which improve the overall superhydrophobicity of the surface. The capacity of

coatings to separate oil and water was examined by employing a variety of mixtures of oil and water, including petrol,

diesel, kerosene, vegetable oil, and coconut oil. In case of low viscosity oil, the coated mesh demonstrated separation

effectiveness of more than 97% and on the other hand, high viscosity oil demonstrated just 89% efficiency. Low

viscosity oils showed a greater permeation flux through the mesh than extremely viscous oil. The mechanical strength

of the coating was examined using bending, twisting, adhesive tape testing, sandpaper abrasion tests, and the findings

indicated that coated mesh had exceptional mechanical resilience. In addition, the developed superhydrophobic mesh

demonstrated excellent thermal stability and self-cleaning properties. Therefore, this

superhydrophobic/superoleophilic mesh has a significant deal of application potential in practical.
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Introduction

Oil spills and industrial effluents inflict significant harm to the ecosystems of the seas, human health, and the

surrounding environment [1], [2]. The safe and responsible disposal of wastewater containing oil has been shown to be

a challenging problem on a global scale. Many approaches have been used for the treatment of oil-water pollution,

including oil skimmers, filtration, oil-absorbing materials, magnetic separations, centrifugal machine, flotation

technologies, and combustion [3], [4], [5]. Traditional methods have various drawbacks, including limited separation

efficiency, time consumption, cost-effectiveness, and the generation of secondary pollutants [6], [7], [8]. Therefore,

cutting-edge technologies are an absolute necessity for the disposal of oily wastewater and the protection of the

environment. Many efforts have been reported in the fabrication of separation membranes with controlled surface

wetting property [9], [10]. The utilization of bio-inspired superhydrophobic materials in oil-water separation processes

is a popular area of study due to its high water repellency and ability to allow oil to enter in it [4], [11], [12]. Therefore,

superhydrophobic materials have been added to commercially available cotton textiles, 3D porous materials, different

polymer membranes, filter papers, and metal meshes for considerable oil-water separation [13], [14]. Chemical etching

[15], [16], spray deposition [17], [18], dip coating [19], hydrothermal method [20], sol-gel processing [21], [22],

chemical vapor deposition [23], electrospinning [24], [25], and layer by layer [26] methods have been used for

modification of porous surfaces. Among these, dip-coating is a quick and effective method of producing bulky,

intricately formed products [27]. Metal meshes have sparked a lot of attention since they are long-lasting, reusable, and

may be used in industry [2], [23]. Porous materials can absorb or filter liquids, and when their surface structure is

adjusted with a specific wettability material, they can help separate oil or water from oil-water mixtures [28], [29].

Numerous types of porous metal meshes, including those constructed of nickel, copper, and stainless steel (SS), among

other materials were used for oil-water separation [30], [31], [32], [33]. Among them, SS meshes have found

widespread use for oil-water separation owing to their high electrical and electrothermal capabilities as well as their

superior resistance to thermal shock [33].

OTS has been used to tune the surface wettability of porous substrates so that oil and water can be effectively

separated. The OTS has low surface energy, hence it improves the hydrophobicity of the rough surface and also shows

high oil absorption capacity [35], [36]. Li et al. [34] recently made superhydrophobic SS mesh by spraying it with a

mixture of OTS-modified SiO  nanoparticles and waterborne PU. This superhydrophobic mesh was able to separate a

mixture of kerosene and water at a rate of 98.3%. Latthe et al. [27] created a superhydrophobic surface by varying the

concentration of OTS in PS solution and the number of dipping cycles. At first, they prepared a homogenous solution

containing PS and OTS using tetrahydrofuran (THF) as a solvent. The pre-cleaned glass substrate was dip-coated (4

times) on the homogenous solution and air-dried to get a superhydrophobic surface with a contact angle of 154 ± 2°. Ke

et al. [37] have built a superhydrophobic and superoleophilic sponge by immersing it in OTS solution. This kind of

sponge has shown an absorption capacity of 42–68 times more than the mass of the sponge for toluene, light oil, and

2

https://ars.els-cdn.com/content/image/1-s2.0-S0927775722023160-ga1_lrg.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S0927775722023160-ga1.jpg


1/11/24, 2:15 PM Facile approach to fabricate a high-performance superhydrophobic PS/OTS modified SS mesh for oil-water separation - ScienceD…

https://www.sciencedirect.com/science/article/abs/pii/S0927775722023160 3/6

methyl silicone oil. Even after being put through 50 separation cycles, this adsorption capacity remained the same.

Liang et al. [38] modified a polyurethane sponge by immersing in an OTS solution for oil-water separation. Cheng et al.

[24] used coaxial electrospinning with PVDF solution as a lumen solution and reactive silicon-containing monomers as

the outer solution to generate superhydrophobic nanofiber membranes with hierarchical micro nano-scale

morphology. The outstanding separation efficiency of 99.6% is achieved with the as-prepared asymmetric composite

membrane, which has an extremely rapid permeation flux. They show a water-in-n-octane permeation flux of

17331 L/(m h) and retain 88% of their original permeance after 20 cycles of operation [24]. Rasouli et al. [13] briefly

reviewed the various aspects of fabrication of superhydrophobic/superoleophilic membranes having mesh, films, and

porous substrates for efficient oil-water separation applications. In order to modify the surface energy of

superhydrophobic/superoleophilic membranes, it is usual practice to use low surface energy chemicals such as fatty

acids, thiols, silanes, polymers based on polyethylene, and carbon nanotubes [13]. These membranes have > 99% oil

separation efficiency in oil-water combinations.

In this research work, a layer of PS was first applied on SS mesh using a dip coating process, followed by an OTS dip

layer to achieve superhydrophobicity. The dip coating cycles were consequently carried out by dip and dry in both PS in

THF and OTS in hexane. The surface structure of a red rose petal was obtained on SS mesh. SEM and EDS were used to

describe the surface morphology and chemical composition, respectively. The gravity-driven oil-water separation

technique was used to determine the oil-water separation efficiency and permeation flux using a custom-made setup.

The mechanical durability of superhydrophobic mesh was evaluated using adhesive tape tests, sandpaper abrasion

tests, bending, twisting, and folding tests. We have achieved the contact angles of 157.5 ± 2° for OPS-2 as well as 154 ± 2°

for OPS-3 in superhydrophobic range and a comparable contact angle of 148.5 ± 2° for OPS-1. The stable and robust self-

cleaning coating was produced by this method as compared with the reported methods.

Section snippets

Materials

Polystyrene (PS) having average molecular weight ∼ 280,000 and octadecyltrichlorosilane (OTS) were obtained from

Sigma Aldrich, St. Louis, MO, USA. Tetrahydrofuran (THF) and hexane were purchased from Spectrochem, Mumbai,

India. Stainless steel (SS) mesh with pore sizes of about 50 µm was obtained from Shanghai Titan Technology Co. Ltd.

China. The petrol, diesel, kerosene (from Bharat Petroleum Corporation Limited, India), vegetable oil (from Garud,

India), and coconut oil (from Parachute…

Surface morphology and chemical composition

Fig. 2(a-f) depicts the surface morphology of meshes after being treated with varying doses of OTS. At low OTS

concentrations, ten successive coating layers of PS and OTS create a rougher surface with nanoscale folds, as seen in

Fig. 2(a). The enlarged view shows that there is a regular micro and nanoscale rough texture, which is essential for

improving hydrophobicity and can be observed in Fig. 2(d). Surprisingly, regular shaped bumps emerged after raising

the OTS concentration by twofold, as…

Conclusions

In conclusion, we have successfully fabricated superhydrophobic and superoleophilic SS mesh by depositing

consecutive layers of polystyrene (PS) and octadecyltrichlorosilane (OTS) using an easy and inexpensive dip coating

method. This allowed us to create a superhydrophobic and superoleophilic surface on the SS mesh. The WCA of 157.5 ± 

2
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2°, the OCA of about 0°, and the rolling angle of 6 ± 2° were all attained by adjusting the concentration of OTS in

successive layered deposition. The…
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Abstract-26 

Degradation of textile reactive azodyes by Hapalosiphon arboreus 

Miss Rutuja Pund and Dr. K. M. Nitnaware* 

Department of Botany, Hutatma Rajguru Mahavidyalaya, Rajgurunagar 
Corresponding Email: kmnbotany@gmail.com 

Abstract: Azodyes widely used in textile industries are toxic to life. Dye degradation using microorganism 
gained more attention due to cost effectiveness and eco-friendly. There is need to investigate more 
indigenous species. In the present study the filamentous cyanobacteria Hapalosiphon vulgaris was examined 
for its degrading ability of azodyes Methyl Orange, Tartrazine Yellow, Scarlet Red, Reactive Black 5 and 
Sudan III.  The axenic culture of Hapalosiphon was inoculated with various concentrations of dyes (5, 10 
and 20 ppm) and incubated for 3, 5 and 7 days. Dye degradation was based on initial dye concentration. The 
maximum decolorization was observed in Scarlet red and Sudan III 92.5% and 82.02% respectively after 7 
days of incubation. Azoreducase enzyme in algae responsible for degradation of azodyes into aromatic 
amines. Maximum azoreductase activity 6.02 Umg-1 protein was observed for scarlet red. Influence of azo 
dyes on Chlorophyll a and b content and Phycobilin Proteins was also examined. The degradation product 
after decolourization was confirmed and identified by spectroscopic analysis and Fourier transformed 
infrared spectroscopic analysis. 

Keywords: Azoreductase enzyme, Methyl Orange, Scarlet Red, FTIR 

 
Abstract-27 

Fabrication of Durable Candle Soot-Wax Composite Coated Superhydrophobic Sponges for 

Oil-Water Separation 

Mehejbin R. Mujawar1, Rajesh B. Sawant1, Amol B. Pandhare2, Rajaram S. Sutar3, Sanjay S. Latthe4, Ankush 

M. Sargar5*, Raghunath K. Mane6, Shivaji R. Kulal1* 
1 Department of Chemistry, Raje Ramrao Mahavidyalaya, Jath, (Affiliated to Shivaji University, Kolhapur) 

2Department of Chemistry,Shivaji University, Kolhapur, (MS) India 
3Self-cleaning Research Laboratory, Department of Physics, Raje Ramrao Mahavidyalaya, Jath, 

4Self-cleaning Research Laboratory, Department of Physics, Vivekanand College, Kolhapur, 
5Department of Chemistry, Bharati Vidyapeeth’s Dr. Patangrao Kadam Mahavidyalaya, Sangli, 

6 Department of Chemistry, Smt. Kusumtai Rajarambhapu Patil Kanya Mahavidyalaya, Islampur, 
*Corresponding authors E-mail:srkulal@gmail.com,amsargar2012@gmail.com 

Abstract: A novel superhydrophobic candle soot-wax composite coated surfaces for oil-water separation 
was fabricated via a facile two-step strategy. The decomposition of candle soot on the surface and then it 
was fixed via deposition of wax on CS-coated surfaces. The candle soot was synthesized by paraffin candle 
combustion flame. The CS-coated surface was prepared by via the dip-coating method without further 
surface modification and pre-treatments. Candle soot was firmly immobilized on the wax skeleton 
constructing a nanoscale rough surface with superhydrophobicity. The coated surfaces exhibit 
superhydrophobicity with a water contact angle of > 150° and a sliding angle of nearly 0°. The thermal 
stability, pH tolerance, compression tolerance, chemical durability, reusability, emulsion oil-water 
separation, and muddy water-oil separation was tested by using these superhydrophobic surfaces. The 
superhydrophobic surfaces have a sustainable, anti-wetting property under cross-sectional cutting, pressing, 
paper peel test, abrasion resistance test, and different pH environments. The superhydrophobic surface is 
suitable for practical application on a large scale. The simple CS-wax coating method can be applied to 
various surfaces, such as stainless steel and polyurethane sponges. These research results show evidence that 
the CS-wax-coated surface is promising in environmental remediation for large-scale, low-cost, removal of 
oil spills from water. 

Keywords: Candle soot nanoparticles, oil-water separation, sliding angle, superhydrophobic surfaces, water 
contact angle, waxes. 
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1857 P;k mBkokr vkfnoklh dzkarhdkjdkaps ;ksxnku 
pkS/kjh ih- ts-                   
lgk- izk/;kid ¼ bfrgkl ½         
jkts jkejko egkfo|ky;] tr-     
pjchoudhary72@gmail.com 

Mo.No. 7057491078 

izLrkouk %& 

 Hkkjrh; Lokra«;kP;k pGoGhrhy 1857 pk mBko ,d egRRoiw.kZ ?kVuk gks;- ;k 

mBkokus Hkkjrh;kauh fczVh’kakps opZLo laiq‛Vkr vk.k.;kpk ifgyk iz;Ru dsyk- 1857 P;k 

mBkokiklwuvkfnoklh  leqnk;gh vfyIr uOgrk- vkfnoklhauh vkiY;k {ks=ke/;s fczfV’kakP;k 
fojks/kkr mBko  ?kMowu vk.kyk gksrk- okLrokr 1857 P;k mBkokiwohZ iklwup fczVh’k lRrsP;k 
fojks/kkr Hkkjrkrhy vusd {ks=kr NksB;k& eksB;k izakrhp Lo#ikps mBko ?kMwu vkys gksrs- R;k 

mBkokr vfnoklh mBokapk lekos’k gksrks- vkfnoklhaP;k gDdkauk /kksdk iksgpfo.kkÚ;k  fczVh’k 
lRrspk fojks/k vusd vkfnoklh tekrhauh dsyk gksrk- R;ke/;s pkSjk mBko ¼1768½ Hkhy mBko 

¼1818½ gks vkanksyu  ¼1820½] dksGh mBko ¼1824½ dksy mBko ¼1831½ flaXiks mBko 

¼1830½ laFkky mBko ¼1855½ vkfnaPkk  lekos’k gksrks- fczVh’kkauh vk/kqfud ‘kL=kaP;k cGkoj 
Hkkjrh;kaph dks.krhgh rek u cGxrk gs {ks=h; o izkarh; Lo#ikaps mBko nMiwu Vkdys gksrs- 

Hkkjrh;kae/;s la?kVu fuekZ.k gksow u;s Eg.kwu R;kaP;kr NksVs&eksBs  xV fuekZ.k dj.;kl izkjaHk 

d#u QqVhjoRrh ok<fo.;kP;k iz;Ru dsyk- fczVh’kakP;k lkezkT;koknh /kksj.kkpk  vkf.k R;kP;k 
‘kks‛k.kdjh uhrhpk ifj.kke  laLFkkfud] lSuhd] dkexkj] ‘ksrdjh vkf.k vkfnoklh bR;knh  ;k 
lokZaojp >kyk gksrk- R;klkBh jktdh;] iz’kkldh;] vkfFkZd] /kkfeZd] lkekftd] y‛djh 
bR;knh vusd dkj.ks Hkkjrh;kauh dsysY;k  fczVh’kkaP;k fojks/kklkBh rso<hp tckcnkj gksrh- 
vkfnoklhaP;k gDdkuk fczVh’kkauh ck/kk fuekZ.k d#u vkfnoklhaP;k {ks=krhy R;kaps ty] taxy 

vkf.k tehuh ojhy gDd fczVh’kkauh fgjko.;kps dk;Z dsys gksrs rs gDd vckf/kr Bso.;klkBh 

vkfnoklhuh 1857 P;k mBkokiwohZp {ks=h; o izkarh; Lo#ikps mBko dsys gksrs-ijarq 

vkfnoklhauk R;kr ;’k vkysys  uOgrs-R;keqGs  vkfnoklhaps fczVh’kkauh fgjkoysys  gDd vkf.k 

fczVh’kakph lRrk Hkkjrkrwu laiq‛Vkr vk.k.;klkBh 1857 P;k mBkokr Hkkx ?ksowu fczVh’kakP;k 
fojks/kkr Hkkjrkyk Lokra«; feGowu ns.;klkBh pkyysY;k 1857 P;k Lokra«;lejkr vkfnoklh 

dzkarhdkjkauh eksykps ;ksxnku fnys- 

1857 pk mBko %& 

 1857 pk mBko vpkud ?kMwu ;s.kkjh ?kVuk uOgrh- rj vusd o‛kkZiklwu Hkkjrh;kae/;s  
vlysyk fczVh’k fojks/kh vlarks‛k gksrk- pjch;qDr dkMrqlkP;k rRdkyhd izdj.kkeqGs 1857 

P;k mBkokus fczfV’kkaP;k fojks/kkr Hkkjrh;kauh ;k  vlarks‛kkpk LQksV ?kMowu vk.kyk- 1856 

e/;s daiuhus czkmu csl canqdhP;k tkxh ,uQhYM  ukokP;k jk;Qyh vk.kY;k- ;k canqdhyk 

ykx.kkÚ;k dkMrqlkauk xkbZ o Mqdjkaph pjch ykoyh tkr gksrh- xk; fganwuk ifo=  rj MqDdj 

eqLyhekauk vifo= gksrs-R;k izdj.kkrqu fganw& eqLyhekaP;k /kkfeZd Hkkouk nq[kkoY;k R;kph 

ekfgrh Hkkjrh; lSfudkauk ykxrkp rh okÚ;klkj[kh iljr xsyh- cjkdiwj Nko.khe/;s 34 O;k 

jstheasVP;k eaxy ikaMs ;k Hkkjrh; lSfudkus dkMrqls okij.;kl fojks/k d#u  29 ekpZ 1857 

jksth fczfV’k vf/kdkjh lktZaV  estj g;qlu gMlu ;kaph xksGh ?kkywu gR;k dsyh vkf.k 1857 

P;k mBkokyk lq:okr >kyh- 
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1857 pk mBko vkf.k vkfnoklh dzkarhdkjd %& 

 10 es 1857 e/;s ehjr Nko.khrhy Hkkjrh; lSfudkauh mBko d:u rq#axkoj gYyk 

dsyk- rsFkhy dSn;kaph  eqDrrk dsyh vkf.k  [kftuk  ‘kL=kL=s yqVwu dzkarhdkjd 11 es 1857 

jksth fnYyhyk iksgpys-12 es 1857 jksth cgknqj’kgkyk ^ckn’kgk*  ?kksf‛kr dsys- cgknqj’kgkyk 
vkiyk usrk Eg.kwu ?kks‛khr dsY;kuarj fnYyh Lora= >kY;kph ?kks‛k.kk dsyh- dkuiwj e/;s 

ukuklkgsc is’ko] >k’kh e/;s jk.kh y{ehckbZ] y[kukS e/;s csxe  gtjr egy] fcgkje/;s 

dqaojflag ;kauh mBkokps usrRo dsys- 1857 P;k mBkokiklwu vkfnoklh dzkarhdkjdgh vyhIr 

uOgrs-vkfnoklh dzkarhdkjdakuh vki&vkiY;k izns’kke/;s mBkokps usr`Ro dsys gksrs-- 

egkjk‛Vkrhy lkriwMk ifjljkr ¼/kqGs] uanwjckj½ rRdkyhu e/; izkarke/;s vkfnoklh 

‘kkldkauh]NRrhlxM e/;s bR;knh Hkkxkr vkfnoklh dzkarhdkjkauh mBkokps usr`Ro dsys gksrs- 

okLrokr vkfnoklhauh 1857 P;k mBkokP;k iwohZiklwup fczfV’k lRrspk fojks/k dsysyk gksrk- 
R;keqGs vkfnoklh dzkarhdkjd v’kk O;kid Lo#ikr >kysY;k  mBkokiklwu  vfyIr  vl.ks 

‘kD; uOgrs- vkfnoklkauh vkiY;k ijaijkaxr ‘kL=kL=kaP;k ek/;ekus fczfV’k lSU;kcjkscj l’kL= 
dzkarh ;k mBkoke/;s ?kMowu vk.kyh vkf.k vusd vkfnoklh dzkarhdkjdkauh 1857P;k mBkokr 

vkiY;k izk.kkps cyhnku fnys rRdkyhu xkasMokuk] NRrhlxM ¼jk;iwj½] pkankxM] [kkuns’k 
¼lkriwMk Hkkx½ bR;knh vkfnoklh jkgr vlysY;k Hkkxkr vkfnoklh dzkarhdkjdkauh mBkokps 

usr`Ro d#u fczfV’kke/;s ng’kr fuekZ.k dsyh-1857 rs 1858 ;k njE;ku >kysY;k ;k 

Lokra«;lejkP;k dkGkr fczfV’kakuk jkT; dj.ks dBh.k d:u Bsoys R;k vkfnoklh 
dzkarhdkjdkaP;k dk;kZpk vk<kok ;k Bhdk.kh ?ks.;kr vkysyk vkgs- 

‘kadj’kgk vkf.k j/kwukFk’kgk %& 

 fczfV’k Hkkjrkrhy e/; izkarkr x<k& eMayk ;sFks vkfnoklhaps jkT; gksrs- 1857 P;k 

mBkokP;k osGh ‘kadj’kgk eMkoh x<k&eMaY;kpk ‘kkld gksrk-‘kadj’kgk eMkoh gs jkts 
laxzke’kgk P;k ?kjk.;krhy vlwu e/;;qxhu dkGkrhy bfrgkl izfl/n x<k&eMaY;kph jk.kh 

nqxkZorh ps nhj panz’kgk ;kaps ukrw vkgsr-1 1857 P;k mBkokiwohZiklwup ‘kadj’kgk ;kauh  
fczfV’kakpk fojks/k d#u NksVs&eksBs mBko fczVh’k /kksj.kkP;k fojks/kkr e/; izkarkr dsys gksrs- ijarq 

1857 P;k mBkokrhy R;kaps dk;Z egRRoi w.kZ vkgs toG& toG laiw.kZ ns’kHkj 1857 pk 
mBko ?kMwu vkY;kcjkscj ‘kadj’kgk vkf.k j/kwukFk’kgk ;k firk&iq=kus mBkokr Hkkx ?ksryk 
vkf.k fczfV’kkaph lRrk Hkkjrkrwu laifo.;klkBh rRdkyhu e/; izkrkar  mBko ?kMowu vk.kyk- 
1857 P;k mBkokP;k osGh tcyiwj ifjljkr fczfV’kkaph 52 oh jsftesaV rsFkhy mBokpk 

cankscLr dj.;klkBh Bso.;kr vkyh gksrh- ;k jsftesaVpk dekaMj DykdZ vfr’k; dzqj gksrk-2 
R;k ifjljkrhy NksVs&eksBs jkts] tfeunkj vkf.k tursyk =kl ns.;kps  dk;Z DykdZ ;k fczfV’k 
vf/kdkÚ;kus  pkyfoys gksrs- rsFkhy tursdMwu vfrfjDr eglwy olwy dj.ks] yksdkauk taxykr 

tk.;kl canh ?kky.ks] fczVh’k LkRrsP;k fojks/k dj.kkÚ;kauk  ekjgku dj.ks vkfn- nMi’kkghps 
/kksj.k ;k fczfV’k dekaMjus tcyiwj ifjljkr pkyfoys gksrs-xksaMok.kkPkk jktk ‘kadj’kgk ;kus 
DykdZP;k ;k vU;k;dkjh /kksj.kkpk fojks/k dj.;kps Bjfoys] vkf.k 1857 P;k mBkokph 

lq#okr xksaMok.kk ifjljkr >kyh ;k mBoke/;s ‘kadj’kgk cjkscj R;kpk eqyxk j/kwukFk’kgk 
;kusgh Hkkx ?ksryk- vkf.k nks?kkgh firk &iq=kauh xksaMokuk ifjljkr 1857 P;k mBkokps usr`Ro 

dsys nks?ksgh firk&iq= pkaxys doh gksrs-R;kauh vkiY;k dforkaP;k ek/;ekus 1857 P;k mBokpk 

izlkj laiw.kZ xkasMokuk ifjljkr dsyk vkf.k rsfFky tursyk fczfV’k fojks/kh mBoke/;s lgHkkxh 
gks.;kl izfjr dsys- ‘kadj’kgkus vkiY;k njckjkrhy deZpkjh fxj/kkjhyky nkl ;kyk xksaMokuk 
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jkT;krwu ckgsj dk<ys dkj.k fxj/kkjhyky nkl 1857 P;k mBkoke/;s fczfV’k ljdkjyk enr 
djhr gksrk- ‘kadj’kgk vkf.k j/kwukFk’kgk gs nks?ksgh firk&iq= T;k dforkaP;k ek/;ekus xksaMokuk 
ifjljkrhy tursyk 1857 P;k mBkokr lgkHkkxh gks.;kl izsfjr djhr gksrs- R;k  dforkapk  

vFkZ fxj/kkjhyky nkl fczfV’kkauk lkaxr gksrk- R;keqGs rs nks?ksgh firk iq= dk; dk; djrkr 

;kph ekfgrh fczfV’kkauk feGr gksrh- R;keqGs xksaMokukP;k tu lkekU;kpk jktk ‘kadj’kgk  
fczfV’k fojks/kh ;kstusoj dke djhr vkgs gs DykdZP;k y{kkr ;sr gksrs- fczfV’kkauh xksaMokuk 
ifjljkr vkiys xqIrpj is#u ‘kadj’kgk vkf.k j/kwukFk‘kgk ;kaP;k 1857 P;k mBkokrhy 
lgHkkxkph ekfgrh dk<yh-DykdZP;k xqIrpjkauh jktkP;k jktegykr tkowu ‘kadj’kgkP;k 
gkypkyhph ekfgrh dk<yh-xqIrpjkaP;k ek/;ekus ‘kadj’kgk vkf.k j/kqukFk‘kgk nksu fnolkuarj 
fczfV’kkaP;k Nko.khoj geyk dj.kkj gh ckreh feGkyh- fczfV’k vf/kdkjh DykdZyk 

Nko.khojhy gYY;kph ckreh xqIrpjkaP;k ek/;ekrwu vxksnjp feGkY;keqGs R;kus 14 LkIVsacj 

1857 jksth vkiY;k fczfV’k lSU;kaP;k rqdMhus ?ksjys vkf.k ‘kadj’kgk vkf.k j/kqukFk‘kgk ;k 
nks?kkagh firk &iq=kauk fczfV’kakuh canh cufoys-1857 P;k mBkokr lgHkkxh gksowu fczfV’kkaP;k 
Nko.khoj gYyk dj.;kPkh ;kstuk cufoY;keqGs ‘kadj’kgk vkf.k j/kqukFk‘kgk ;k nks?kkagh firk& 
iq=kyk 18 lIVsacj 1857 jksth osxosxG;k nksu rksaQkaP;k rksaMh fczfV’kkauh cka/kys- nks?kkagh firk& 

iq=kpk ej.k leksj vlrkukagh fczfVa’kkufo#/n vkiY;k fopkjkaph vkf.k ”rhph izfrdzh;k R;kauh 

R;kosGh dforsP;k ek/;ekauh O;Dr dsyh- R;kr dforspk ifgyk dMok jktkus vkf.k nqljk 

dMok R;kaP;k eqykus EgVys % 

eysPNksa dk enZu djks] dkfydk ekbZ A 

     eaqn eq[k MafMu dks] pqxyh dks pckbZ  [kkbZ] 

[kqan Mkj n q‛Vu dks] ‘k=q lagkfjdk  AA 

nqljk dMok jktkapk eqyxk Eg.kkyk % 

dkfydk Hkokuh ek; vjt gekjh lqu 

    Mkj eq.Meky xjs [kMx dj /kj ys ----A  3 

‘kadj’kgk vkf.k j/kwukFk’kgk ;k nks?kkgh firk &iq=akPks dforsrhy dMos iw.kZ gksrk cjkscj 

xksaMokukph turk fczfV’kkaP;k fo#/n vkdzed gksowu jktk vkf.k jktdqekjkapk eksB;k izek.kkoj 

t; t; dkj d# ykxyh- R;keqGs  fczfV’k Nko.khoj turspk gYyk gksbZy v’kh ifjfLFkrh 
fuekZ.k >kyh-DykdZP;k eukr fHkrh fuekZ.k >kyh vkf.k nksaUgh rksQkauk vkx yko.;kr ;sowu 

nks?kkgh firk &iq=kyk rksQsP;k rksaMh mMowu ns.;kr vkys-‘kadj’kgk vkf.k j/kwukFk’kgk ;k nks?kkgh 
firk &iq=kus HkkjrkP;k Lokra«;klkBh 1857 P;k mBkokr izk.kkph vkgqrh fnyh- 

 

Okhj ukjk;uflag %& 

1857 P;k mBkokr NRrhlxM P;k Hkkxkr mBko ?kMowu vk.k.;kr ohjukjk;uflag ps egRoiw.kZ 

;ksxnku vkgs - ohj ukjk;uflag NRrhlxM e/khy lksuk[kku tehunkjhpk tehunkj gksrk- 1895 

e/;s ohjukjk;uflag ;kapk tUe >kyk- R;akP;k oMhykaps uko jkejk; gksrs- ygkui.kkiklwup 

vkiY;k tehunkjhrhy yksdkaP;k leL;k fo‛k;h R;kyk rGeG gksrh- R;keqGs tehunkj 

>kY;koj rsFkhy yksdkaP;k dY;k.kklkBhp tx.kkj vlk lksuk[kku tehunkjhrhy turspk 
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fo’okl gksrk- ohj ukjk;uflagpk yksdkaP;k leL;k fo‛k;h vlysY;k rGeGhps n’kZu 1856 
e/;s NRrhlxM ifjljkr iMysY;k nq‛dkGkP;k osGh R;kauh yksdkalkBh dsysY;k dk;kZrwu gksrs- 
R;kosGh NRrhlxM ifjljkr Hk;adj nq‛dkG iMyk gksrk- yksdkaleksj vUu &ik.;kph eksBh 

leL;k fuekZ.k >kkyh gksrh- v’kk izlaxkP;k osGh ohj ukjk;uflaglkj[;k yksd dY;k.kkph 

rGeG vlysY;k tehunkjkus ‘kkar cl.ks ‘kD; uOgrs- NRrhlxM e/khy turk vUu 

&ik.;kfouk nq‛dkGkph lkeuk djhr gksrh vkf.k O;kikjkauh ek= vUu /kkU; xksnkek ae/;s lkBowu 
Bsoys gksrs- v’kk nq‛dkGh ifjfLFkrhr fczfV’k ljdkjyk lkaxwu O;kikjkaP;k xksnkekrhy /kkU; 
yqVwu yksdkae/;s okVwu fnys- R;keqGs O;kikÚ;kaauh fczfV’k ljdkjdMs ohjukjk;uflagkph rdzkj 

dsyh- fczfV’kkauk lq/nk cgkukp ikfgts gksrk- fczfV’k ljdkjus dks.kRkkgh fopkj u djrk  

ohjukjk;uflagkyk 24 vkWDVksacj 1856 jksth lacyiqjkr vVd dsyh- pksjh vkf.k yqVekj 

dj.;kpk vkjksi R;kaP;koj ykowu jk;iwjP;k rq#axkr dSn dj.;kr vkys- fc zfV’k ljdkjus 
nq‛dkG xzLr ‘ksrdÚ;kaaph enr dj.kkÚ;k ohj ukjk;uflagyk rq#axkr Mkacwu tusrsps ‘kks‛k.k 
dj.kkÚ;k O;kikÚ;kauk ek= laj{k.k fnys-4 1857 e/;s mBkokph lqjokr >kyh- Hkkjrh; 

lSfudkauh fczfV’k ljdkjP;k fojks/kkr mBko ?kMowu vk.kyk R;kps iMlkn NRrhlxM 

ifjljke/;sgh iMys R;kosGh ohj ukjk;uflag jk;iwjP;k rqjaxke/;s ltk Hkksxr gksrs- jk;iwj 

e/khy lSfud fczfV’k fojks/kh Hkkjrh;kaP;k vlarks‛kkph okV ikgkr gksrs rh 1857 P;k mBokus 
R;kaP;k leksj pkywu vkyh- jk;iwj e/khy Hkkjrh; lSfudkauh mBko ?kMowu vk.kyk vkf.k ohj 

ukjk;uflag yk vkiyk usrk fu;qDr dsys 28 vkWxLV 1857 e/;s Hkkjrh; lSfud vkf.k 

tursP;k enrhus jk;iwjP;k rq#axkrwu  ohjukjk;uflag ckgsj iMys vkf.k lksuk[kkuyk iksgpys 

R;kyk ikgwu rsFkhy turk vkuanhr >kyh- vxksnj iklwup fczfV’kkaP;k fojks/kke/;s mBko 

dj.;klkBh yksd rRij gksrs- R;kauk QDr dq’ky la?kVd vkf.k pakxY;k usr`Rokph  

vko’;drk gksrh rs usr`Ro  lksuk[kkuP;k tursyk  ohj ukjk;uflagP;k #ikr izkIr >kys- R;kaus 

500 fuoMd lSfudkaph  ,d rqdMh r;kj dsyh vkf.k fczfV’kkaph lRrk laifo.;klkBh mBko 
dj.;kpk fu.kZ; ?ksryk Hkkjrkyk baxztkP;k xqykefxjhrwu eqDr  dj.;klkBh yiwu Niwu 

fczfV’kkaP;k vusd Nko.;koj gYys djk;yk izkjaHk dsyk R;kph ekfgrh jk;iwj pk MsIVh 

dfe’uj fLeFkyk feGrkp rks vpafcr >kyk R;kus  ohj ukjk;uflag us dsysyk mBko nMiwu 

dk<.;kpk fu.kZ; ?ksryk- 20 uksaOgscj 1857 e/;s fczfV’kkaph lsuk [kjksn iksyhl LVs’kuyk 
iksgpyh- iajrq ohj ukjk;uflag P;k fczfV’k fojks/kh vkdze.k dk;ZokgheqGs MsIVh  deh’uj fLer 
?kkc#u xsyk- R;keqGs vkiY;k enrhlkBh daVxh] HkVxkao] fHkykbZxM vkf.k nsojh P;k 

tehunkjkauk cksykowu ?ksrsys- 29 uksOgsacj 1857 jksth fLer us lksu[kku yk fczVh’k lSus 
gyfoys ;kosGh ohj ukjk;uflagP;k fHkrheqGs jk;iwj  vkf.k fcykliwj o#u fLeFkus ts  

?kksMLokj cksykoys rs loZ fczfV’k gksrs- lksuk[kkuyk fczVh’k lSfud igkspys rsaOgk lksuk[kku e/;s 
,dgh yksd uOgsrs rsFkhy loZ turus vj.;kar vkJ; ?ksryk gksrk- ohj ukjk;uflag P;k 

usr`Rokr fczfV’k fojks/kh mBkokr rsFkhy turk lgHkkxh gksrh- fczfV’kakuh lksuk[kku xkokyk vkx 

ykowu tkGwu Vkdys- xkokyk ykoysY;k vkxheqGs lksuk[kku xko laiw.kZ tGwu [kkd >kyk 

gksrk- xkokyk vkx ykowu ijr tk.kkÚ;k fczfV’kkaoj ohj ukjk;uflag us vkiY;k lgdk;kZfu’kh 
lksuk[kkuP;k igkMho#u xksGhckj dsyk vxksnj iklwup fczfV’kkalkscr y<.;kph iwoZ r;kjh ohj 
ukjk;uflag us dsyh gksrh- ;q/nkyk lq#okr >kyh- 2 fMlascj 1857 jksth daVxh o#u 

fczfV’kkaph ,d vfrfjDr lSfud rqdMh fLerP;k enrhlkBh vkyh vkf.k ;k ikgkMhyk 

fczVh’kakuh pkjgh cktwus ?ksjys gksrs- ohj ukjk;uflag vkf.k fLerP;k lSU;ke/;s y<kbZ pkyw 

>kyh- ijarq ohj ukjk;uflag vkf.k R;kaP;k lgdk;kZdMhy ‘kL=lkBk lekIr  >kyk- R;keqGs 

fczfV’kkauh ohj ukjk;uflag yk idMys vkf.k jk;iwjP;k rq#xkar Bso.;kr vkys- R;kaP;koj 
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jktnzksgkpk [kVyk pkyfo.;kr vkyk vkf.k 10 fMlsacj  1857 jksth jk;iwj e/khy t; LraHk 

pkSdkr Qk’kh ns.;kr vkyh-5 ohjukjk;uflag  vkfnoklh ohj   Hkkjrh;kauk fczfV’kkaP;k 
xqykefxjhrwu eqDr dj.;klkBh glr glr Qklkoj xsyk- 

Ckkcwjko ‘ksMekds %& 

 egkjk‛Vªkrhy pkankxM ¼panziwj½ ifjljkr 1857 P;k mBkokps usr`Ro ckcwjko iqYyslqj 

‘ksMekds ;kauh dsys gksrs- rks eksYyeiyh tehunkajhpk tehunkaj gksrk- fookgkuarj ;k 

tehunkajhph ftEesnkjh R;kaP;koj vkyh vkf.k 18 fMlsacj 1854 e/;s tehunkjhps vf/kdkj 

R;kaus rkC;kr ?ksrys gksrs ;k dkGki;ZaZr fczfV’kkaph lRrk laiw.kZ ns’kkr izLFkkfir gksowu cGdV 

>kyh gksrh- pkankxMpk ifjlj gh fczfV’kkauh vkiY;k rkC;kr ?ksryk gksrk- fczfV’kkauh vkiY;k 
Qk;n;klkBh ;ksX; & v;ksX;rspk dlykgh fopkj u djrk Hkkjrh;kaps tkLrhr tkLr ‘kks‛k.k 
dj.;kpsp /kksj.k pkyfoys gksrs- ;k fczfV’kkaP;k ‘kks‛k.kdkjh /kksj.kkps ifj.kke pkankxM 

ifjljkrhy turkojgh >kys gksrs- fczfV’kkaps ;k ifjljkrhy tursojhy vU;k;] vR;kpkj vkf.k 

tqywe  ok<r pkyys gksrs- R;kapk fojks/k dj.;kpk fu.kZ;  ckcwjko ‘ksMekdsus ?ksryk lq#okrhyk 

R;kauh pkyfoysyh  pGoG jktdh; vkf.k lkekftd Lo#ikph gksrh- vfgalsP;k ekxkZus 

tursP;k leL;k lksMfo.;kpk iz;Ru ckcwjko ‘ksMekdsuh dsyk- ijarq fczfV’k ljdkj R;kyk 
U;k; nsr uOgrh pkankx< ifjljkrhy turse/;s fczfV’kfojks/kh izcks/kus d#u tutkx`rh dj.;kps 

dk;Z dsys fczfV’kkauh dk<ysY;k vU;k;h  dk;n;kpk rks fojks/k djhr gksrk-R;keqGs R;k 

ifjljkrhy yksdkae/;sgh R;kP;k fo‛k;h vkiqydh fuekZ.k >kyk gksrh- vkiYkk usrk vkiY;kyk 

fczfV’kkaP;k xqykefxjhrwu eqDr djsy vlk Bko fo’okl tursr fuekZ.k >kyk gksrk- fczVh’k 
ljdkj ‘kkarrsus ekaMysY;k ekx.;kauk izfrlkn u nsrk rsFkhy tursoj vU;ku d#u nMi’kkghps 
/kksj.k voyachys- R;keqGs ckcqjko ‘ksMekds ;k vkfnoklh dzkarhdkjdkus vfglasP;k ekxkZus 

vkiY;k tursyk U;k; feGr ukgh Eg.kwu l’kL= dzakrhpk ekxZ voyachyk 1857 e/;s 

fczfV’kkaP;k fojks/kkr Hkkjrh;kauh mBko dsyk- rsOgk pkankxM ifjljkr mBkokps usr`Ro   ckcwjko 

‘ksGekds ;kauh dsys- R;kauh 24 lIVsacj 1857 jksth ^taxkse lsusph* LFkkiuk dsyh- 

shedmake consolidated 500 tribal youth from the region and prepared an army 

and with this army he was able to  capture Rajghad area.6  pkankx< ifjljkrwu 

fczfV’kkaph lRrk laifo.;klkBh mBko dsyk- ckcwjko ‘ksMekds ;kauh dsysY;k mBkokph ekghrh 
panziwjPkk miftYgkf/kdkjh dzhDVksuyk ykxrkp mBko nMiwu Vkd.;klkBh fczfV’kkauh R;kP;k 

fojks/kkr gkypkyh dsY;k- ukauxko ?kkslkjh ;sFks >kysY;k  ;q/nkr fczfV’kkapk ijkHko >kyk- 

R;kuarj dzhDVksuus fczfV’k lsusph nqljh rqdMh mBko nMiwu Vkd.;klkBh ikBfoyh- laxuiwj o 
ckeuisB P;k ;q/nkr ckcwjko ‘ksMekdspk fot; >kyk- ;k nksUgh fo‛k;krwu R;kyk izksRlkgu 

izkIr >kys dh vki.k fczfV’kkauh lRrk ;k ns’kkrwu laiq‛Vkr vk.kwu vkiY;k ns’kokfl;kauk 
xqykefxjhrwu eqDr d# ‘kdrks-29 ,fizy 1858 e/;s phapxqMh ;sFkhy VsyhQksu vkWQhloj 

gYYkk dsyk- ;k gYY;ke/;s fczVh’k vf/kdkjh gky vkf.k xkVZyWM ;kauk Bkj d sys ijarq fczfV’k 
vf/kdkjh isVj ;k gYy;kph ckreh panziwjpk ftYgkf/kdkjh fdzDVksuyk iksgpfo.;kr ;’kLoh 
>kyk- eksYyeiyhP;k vaj.;kP;k vkf.k MksaxjkG Hkkxkr ohj ckcwjko ‘ksMekds ;k vkfnoklh 
dzkarhdkjdkapk ijkHko dj.ks ‘kD; ukgh Eg.kwu prwj mik; ;kstwu R;kyk canh cufo.;kpk 

fu.kZ;  ?ksryk- 18 lIVsacj 1858 yk jk.kh y{ehckbZP;k vgsjh ;sFkhy jkt?kjk.;kr ckcwjko 

‘ksMekds tso.k djhr vlrkauk fczfV’kkauh R;kyk idMys vkf.k 21 vkWDVksacj 1858 jksth 

pkankxM ;sFkhy xksaM jktkP;k fdYY;kr R;kP;k psgjkoj dks.krkgh cqj[kk u ?kkyrk egkykaP;k 
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iVkax.kkr fiaiGkP;k >kMkyk Qk’kh ns.;kr vkyh- 1857 P;k mBkokr fczfV’kkaP;k 
xqykefxjhrqu Hkkjrh; tursyk eqDr dj.;klkBh fczfV’kkaP;k vU;k;h ‘kks‛k.kdkjh /kksj.kkPkk fojks/k 
dj.;klkBh pkankxM ifjljkr  mBko ?kMwu vk.kyk vkf.k ns’kkP;k Lokra«;klkBh vkiY;k 

izk.kkps cfynku fnys-  

dzkarhohj [kkT;k ukbZd %& 

[kkuns’kkrhy lkriqMk Hkkxkr ¼/kqGs]uanqjckj½ vkfnoklh fHkYYkkauh 1857 P;k mBkokr Hkkx ?ksowu 

fczfV’kkaP;k fojks/kkr mBko ?kMowu vk.kyk R;k mBkokps usr`Ro Dzkarhohj [kkT;k ukbZd ;kauah dsys 

gksrs- 1831 rs 1851 P;k njE;ku Dzkarhohj [kkT;k ukbZd fczfV’kakPkk uksdjnkj gksrk- ls/kaok 

?kkVkrwu pky.kkÚ;k O;kikjkPks laj{k.k dj.;kps dk;Z djhr gksrk- ijarq R;kaP;k gkrwu ,d yqVk# 

ekjY;k xsY;keqGs fczfV’k ljdkjus R;kaP;koj [kVyk pkyowu 10 o‛kkZPkh f’k{kk fnyh-7 1855 
e/;s ltk iw.kZ d#u ijr vkY;koj vkiY;k iwohZP;k uksdjhoj ?;kos v’kh fouarh fczfV’kkauk 
Dzkarhohj [kkT;k ukbZd ;kauh dsyh ijarq fczfV’kkauh rh ekU; dsyh ukgh- 1857 e/;s bfrgkl 
izfl/n v’kk Lokra= laxzkekyk lqjokr >kyh Hkkjrkrhy fofo/k Hkkxkr vusd dzkarhdkjdkP;k 

usr`Rokr fczfV’k fojks/kh mBko >kyk- R;keqGs fczfV’kkauk lkriqMk ifjljkP;k laj{k.kklkBh [kkT;k 
ukbZdph xjt Hkklw ykxyh ijarq ;kosGh rks fnYYkhP;k ckn’kgkP;k laidZkr vkyk gksrk R;kyk 
1857 P;k mBkokph lqpuk feGrkp lkriqMk ifjljkr Dzkarhohj [kkT;k ukbZd us mBko ?kMowu 

vk.kyk fHkek ukbZd ] esok’;k ukbZd ;kauk lkscrhyk ?ksowu 700 fHkYYkkaps la?kVu fuekZ.k dsys 

vkf.k fczfV’kkaP;k fojks/kkr mBko dsyk-xkoP;k xkos yqVqu fczfV’kkleskj eksBs vkOgku fuekZ.k 
dsys Dzkarhohj [kkT;k ukbZdus mBkokps vkOgku djrkp guqearjk; ukbZd vkiY;k fHkYy 

lgdkÚ;klg ;sowu R;kauk feGkyk-  

Lksa/kok ?kkVkoj rkCkk o yqV %& 

lkriqMk ifjljkrhy Hkkxkr fczfV’kke/;s ng’kr fuekZ.k d#u lsa/kok ?kkVkoj rkck feGfo.;kr 
;’k laiknu dsys- R;k ?kkVkrwu pky.kkÚ;k O;kikjkrwu fczfV’k ljdkjyk dj feGr gksrk- gk 
dj Dzkarhohj [kkT;k ukbZd us Lor% xksGk djk;yk lqjokr dsyh- vkf.k R;k djkrwu feGkysyk 

iSlk xksj xjhckauk enr dj.;klkBh [kpZ dsyk- R;k cjkscjp fczfV’kkapk [kftuk yqV.;kph 
eksfge Dzkarhohj [kkT;k ukbZd ;kauh pkyfoyh- 17 UkksOgsacj 1857 Ik;Zr [kkT;k ukbZd vkf.k 

fHkek ukbZd ;kauh 500 fHkYykaph lsuk r;kj dsyh- R;kosGP;k [kkuns’kP;k gnnhrwu 30 
eSykoj mRrjsl gksGdjkaP;k gnnhrwu tkeyh pksdh toG banksj o#u eacbZdMs gksGdjkaP;k 

jkT;krwu olwy dsysyh lkr yk[kkph [kaM.kh fczfV’k 300 lSuhdkaP;k lqj{ksr ?ksowu pkyys 
gksrs- rks [kftuk Dzkarhohj [kkT;k ukbZd ;kus vkiY;k lSfudkaP;k lgk¸;kus yqVyk- fczfV’k 
ljdkj ek= R;kyk /kDdkgh ykow ‘kdyh uOgrh- [kkT;k ukbZdkP;k mBkokrhy dzkarhdkjdkaph 

la[;k fnolsu& fnol ok<r gksrh egknso ukbZd ] nkSyr ukbZd ;kaP;k cjkscjp vdzk.kh egky 

Hkkxkr fczfV’kkaP;k fojks/kkr mBko ?kMowu vk.k.kkjs dkGwckck ukbZdgh vkrk [kkT;k ukbZdkyk 

;sowu feGkys gksrs-  gksGdjkaP;k Hkksj laLFkkukrhy jksfgys] edjkuh vkf.k vjc lSfud ;sowu 

feGkY;keqGs [kkT;k ukbZdP;k fHkYy lsusr eksB;k izek.kkoj ok< >kyh gksrh- lkriqMk Hkkxkr 

fczfV’kkaP;k fojks/kkr mBko dj.;klkBh fHkYy vkfnoklh lSfudkaPkk eksBk teko fuekZ.k >kyk 

gksrk lqyrkuiqjP;k fHkYy lsussus lkjax[ksMk xkokoj dYyk d#u R;k fBdk.kkgwu fczfV’kkauk 
iGowu ykoys gksrs- 

vackik.khps ;q/n %& ¼11 ,fizy 1858½ 
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 lkriqMk ifjljkr fczVh’k fojks/kh mBkokph O;kIrh ok<yh gksrh- VsyhQksuP;k rkjk rksM.ks] 

iksLV vkWfQl QksM.ks] [kftuk yqV.ks bR;knh fczfV’k fojks/kh dk;Z fHkYykauh pkyo wu fczfV’kkauk 
R;k Hkkxkrwu iGowu yko.;kpk iz;Ru dsyk gksrk R;keqGs fczfV’kkauh [kkT;k ukbZdkP;k usr`Rokr 
>kysYkk mBko nMiwu Vkd.;klkBh lSU;kaP;k rqdM;k ok<foY;k estj bOgklUl] dWIVu cpZ] ys- 

osloh] ys- LVqvVZ] dWIVu ekWUVsxksesjh bR;knh vkf/kdkÚ;kaP;k fu;qDR;kgh fczfV’kkauh mBkokpk 
cankscLr dj.;klkBh dsY;k gksR;k- lkriqMk Hkkxkrhy fHkYYkak’kh y<.;klkBh fHkYYkkapsp cka/ko 
vlysys egknso dksGh tekrhph lSfud rqdMh fczfV’kkauh fuekZ.k dsyh gksrh- fHkYykalkscr 

fczfV’k lSU;kaP;k tkxkstkxh pdedh gksr gksR;k- v’kk ifjfLFkrh [kkuns’kkrhy f’kjiwj iklwu 
24 fdeh- vrajkoj  vlysY;k vackik.khP;k taxykr [kkT;k ukbZd vkf.k R;kaph fHkYy lsuk 

vkJ;kyk vlY;kph ekfgrh fczfV’kkauk ykxyh- 11 ,fizy 1858 jksth [kkT;k ukbZd] 

nkSyrflax ukbZd] dkGwckck ukbZd] ;kaP;klg 1500 fHkYy lSfudakuk fczfV’k vf/kdkjh estj 
bZOgkUluus vackik.khP;k taxykr ?ksjko ?kkywu gYyk dsyk- fczfV’kkdMs vk/kwfud ‘kL=kL=ss gksrh 
o fHkYy lsuk ijaijkxr ’kL=kL=kaP;k lgk¸;kus y<r gksrs- R;ke/;s fHkYy lsuspk fVdko  

ykx.ks ‘kD; UkOgrs- ;k ;q/nkr 65 fHkYy dzkarhohj ‘kghn >kys- 170 t[keh >kys dWIVu 

cpZ] ys- osloh gs fczfV’k vf/kdkjh  t[keh gksowu ,d fczfV’k vf/kdkjh ;q/nkr ekjyk xsyk- 
[kkT;k ukbZd lg 62 yksdkaoj Mze Vzk;y [kVyk pkyfo.;kr ;sowu MzeP;k vkoktkoj  57 

vkjksihauk xksG;k ?kky.;kr vkY;k vkf.k [kkT;k ukbZdkpk f’kj dkiwu las/kokP;k fdYY;kckgsj 

yVdfo.;kr vkys gksrs- rs ;k “‚Vhdksukrwu  dh iqUgk R;k Hkkxkrhy dks.khgh fczfV’kkaP;k 
fojks/kke/;s mBko d# u;s vU;Fkk v’kh f’k{kk fnyh tkbZy ;kph psrko.kh fHkYyk alkBh gksrh-gh 
y<kbZ 1857 P;k mBokrhy vackik.khph y<kbZ Eg.kwu vksG[kyh tkrs- [kkT;k ukbZdkaus ;k 

y<kbZe/;s fHkYy lsusps usr`Ro dsys- 

 v’kkizdkjs vkfnoklh dzkarhdkjdkauh 1857 P;k mBkokr vkiY;k {ks=kr mBokps usr`Ro 

dsys- vkf.k fczfV’kkaph xqykefxjh laifo.;klkBh  >kysY;k ;k y<;kr ckgnwj‘kgk] ukuklkgsc 
is’kos ] jk.kh y{ehckbZ] csxe gtjr egy] dqojflag vkfn- izek.ks vkiY;k izk.kkaps  cfynku 

fnys- Lokra«; lSfudkauh izkjaHk dsysY;k 1857 P;k Lokra«;lejkr ‘kadj’kgk] 
j/kwukFk’kgk¼xksaMokuk½] ukjk;.kflag ¼NRrhlx<½] ckcwjke ‘ksMekds¼pkankxM½] [kkT;k ukbZd 

¼[kkuns’k½ bR;knh vkfnoklh dzkarhdkjkauh mBkokps usrRo dsys- fczfV’kakP;k fojks/kkr vkfnoklh 
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Abstract

Special wetting materials have been used for the oil and water separation due to their different interfacial attraction of

oil and water. Herein, we successfully fabricated superhydrophobic coatings on stainless steel (SS) mesh by depositing

successive layers of polystyrene (PS) and octadecyltrichlorosilane (OTS) through the dip-coating method. The as-

prepared coating showed a water contact angle (WCA) of 157.5 ± 2°, a rolling angle of 6 ± 2° and an oil contact angle

(OCA) of around 0°. The surface microstructure analysis of the coating revealed a regular pattern of microscale bumps

with nanoscale folds on it, both of which improve the overall superhydrophobicity of the surface. The capacity of

coatings to separate oil and water was examined by employing a variety of mixtures of oil and water, including petrol,

diesel, kerosene, vegetable oil, and coconut oil. In case of low viscosity oil, the coated mesh demonstrated separation

effectiveness of more than 97% and on the other hand, high viscosity oil demonstrated just 89% efficiency. Low

viscosity oils showed a greater permeation flux through the mesh than extremely viscous oil. The mechanical strength

of the coating was examined using bending, twisting, adhesive tape testing, sandpaper abrasion tests, and the findings

indicated that coated mesh had exceptional mechanical resilience. In addition, the developed superhydrophobic mesh

demonstrated excellent thermal stability and self-cleaning properties. Therefore, this

superhydrophobic/superoleophilic mesh has a significant deal of application potential in practical.
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Introduction

Oil spills and industrial effluents inflict significant harm to the ecosystems of the seas, human health, and the

surrounding environment [1], [2]. The safe and responsible disposal of wastewater containing oil has been shown to be

a challenging problem on a global scale. Many approaches have been used for the treatment of oil-water pollution,

including oil skimmers, filtration, oil-absorbing materials, magnetic separations, centrifugal machine, flotation

technologies, and combustion [3], [4], [5]. Traditional methods have various drawbacks, including limited separation

efficiency, time consumption, cost-effectiveness, and the generation of secondary pollutants [6], [7], [8]. Therefore,

cutting-edge technologies are an absolute necessity for the disposal of oily wastewater and the protection of the

environment. Many efforts have been reported in the fabrication of separation membranes with controlled surface

wetting property [9], [10]. The utilization of bio-inspired superhydrophobic materials in oil-water separation processes

is a popular area of study due to its high water repellency and ability to allow oil to enter in it [4], [11], [12]. Therefore,

superhydrophobic materials have been added to commercially available cotton textiles, 3D porous materials, different

polymer membranes, filter papers, and metal meshes for considerable oil-water separation [13], [14]. Chemical etching

[15], [16], spray deposition [17], [18], dip coating [19], hydrothermal method [20], sol-gel processing [21], [22],

chemical vapor deposition [23], electrospinning [24], [25], and layer by layer [26] methods have been used for

modification of porous surfaces. Among these, dip-coating is a quick and effective method of producing bulky,

intricately formed products [27]. Metal meshes have sparked a lot of attention since they are long-lasting, reusable, and

may be used in industry [2], [23]. Porous materials can absorb or filter liquids, and when their surface structure is

adjusted with a specific wettability material, they can help separate oil or water from oil-water mixtures [28], [29].

Numerous types of porous metal meshes, including those constructed of nickel, copper, and stainless steel (SS), among

other materials were used for oil-water separation [30], [31], [32], [33]. Among them, SS meshes have found

widespread use for oil-water separation owing to their high electrical and electrothermal capabilities as well as their

superior resistance to thermal shock [33].

OTS has been used to tune the surface wettability of porous substrates so that oil and water can be effectively

separated. The OTS has low surface energy, hence it improves the hydrophobicity of the rough surface and also shows

high oil absorption capacity [35], [36]. Li et al. [34] recently made superhydrophobic SS mesh by spraying it with a

mixture of OTS-modified SiO  nanoparticles and waterborne PU. This superhydrophobic mesh was able to separate a

mixture of kerosene and water at a rate of 98.3%. Latthe et al. [27] created a superhydrophobic surface by varying the

concentration of OTS in PS solution and the number of dipping cycles. At first, they prepared a homogenous solution

containing PS and OTS using tetrahydrofuran (THF) as a solvent. The pre-cleaned glass substrate was dip-coated (4

times) on the homogenous solution and air-dried to get a superhydrophobic surface with a contact angle of 154 ± 2°. Ke

et al. [37] have built a superhydrophobic and superoleophilic sponge by immersing it in OTS solution. This kind of

sponge has shown an absorption capacity of 42–68 times more than the mass of the sponge for toluene, light oil, and

2
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methyl silicone oil. Even after being put through 50 separation cycles, this adsorption capacity remained the same.

Liang et al. [38] modified a polyurethane sponge by immersing in an OTS solution for oil-water separation. Cheng et al.

[24] used coaxial electrospinning with PVDF solution as a lumen solution and reactive silicon-containing monomers as

the outer solution to generate superhydrophobic nanofiber membranes with hierarchical micro nano-scale

morphology. The outstanding separation efficiency of 99.6% is achieved with the as-prepared asymmetric composite

membrane, which has an extremely rapid permeation flux. They show a water-in-n-octane permeation flux of

17331 L/(m h) and retain 88% of their original permeance after 20 cycles of operation [24]. Rasouli et al. [13] briefly

reviewed the various aspects of fabrication of superhydrophobic/superoleophilic membranes having mesh, films, and

porous substrates for efficient oil-water separation applications. In order to modify the surface energy of

superhydrophobic/superoleophilic membranes, it is usual practice to use low surface energy chemicals such as fatty

acids, thiols, silanes, polymers based on polyethylene, and carbon nanotubes [13]. These membranes have > 99% oil

separation efficiency in oil-water combinations.

In this research work, a layer of PS was first applied on SS mesh using a dip coating process, followed by an OTS dip

layer to achieve superhydrophobicity. The dip coating cycles were consequently carried out by dip and dry in both PS in

THF and OTS in hexane. The surface structure of a red rose petal was obtained on SS mesh. SEM and EDS were used to

describe the surface morphology and chemical composition, respectively. The gravity-driven oil-water separation

technique was used to determine the oil-water separation efficiency and permeation flux using a custom-made setup.

The mechanical durability of superhydrophobic mesh was evaluated using adhesive tape tests, sandpaper abrasion

tests, bending, twisting, and folding tests. We have achieved the contact angles of 157.5 ± 2° for OPS-2 as well as 154 ± 2°

for OPS-3 in superhydrophobic range and a comparable contact angle of 148.5 ± 2° for OPS-1. The stable and robust self-

cleaning coating was produced by this method as compared with the reported methods.

Section snippets

Materials

Polystyrene (PS) having average molecular weight ∼ 280,000 and octadecyltrichlorosilane (OTS) were obtained from

Sigma Aldrich, St. Louis, MO, USA. Tetrahydrofuran (THF) and hexane were purchased from Spectrochem, Mumbai,

India. Stainless steel (SS) mesh with pore sizes of about 50 µm was obtained from Shanghai Titan Technology Co. Ltd.

China. The petrol, diesel, kerosene (from Bharat Petroleum Corporation Limited, India), vegetable oil (from Garud,

India), and coconut oil (from Parachute…

Surface morphology and chemical composition

Fig. 2(a-f) depicts the surface morphology of meshes after being treated with varying doses of OTS. At low OTS

concentrations, ten successive coating layers of PS and OTS create a rougher surface with nanoscale folds, as seen in

Fig. 2(a). The enlarged view shows that there is a regular micro and nanoscale rough texture, which is essential for

improving hydrophobicity and can be observed in Fig. 2(d). Surprisingly, regular shaped bumps emerged after raising

the OTS concentration by twofold, as…

Conclusions

In conclusion, we have successfully fabricated superhydrophobic and superoleophilic SS mesh by depositing

consecutive layers of polystyrene (PS) and octadecyltrichlorosilane (OTS) using an easy and inexpensive dip coating

method. This allowed us to create a superhydrophobic and superoleophilic surface on the SS mesh. The WCA of 157.5 ± 

2
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2°, the OCA of about 0°, and the rolling angle of 6 ± 2° were all attained by adjusting the concentration of OTS in

successive layered deposition. The…
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¯ÖÏÃŸÖÖ¾Ö­ÖÖ :-  

†Ö×¤ü¾ÖÖÃÖß »ÖÖê�ú�ú»ÖÖÓ­ÖÖ ³ÖÖ¸üŸÖßµÖ ¯ÖµÖÔ™ü­ÖÖŸÖ ´ÖÆü¢¾ÖÖ“Öê Ã£ÖÖ­Ö †ÖÆêü. ¯ÖµÖÔ™ü�ú –ÖÖ­Ö †Ö×�Ö 
†Ö­ÖÓ¤ü µÖÖ ¤üÖê­Æüß �ÖÖêÂ™üß ÃÖÖ¬µÖ �ú¸ü�µÖÖÃÖÖšüß ¯ÖµÖÔ™ü­Ö �ú¸üŸÖÖŸÖ. †Ö×¤ü¾ÖÖÃÖß »ÖÖê�ú�ú»ÖÖÓ´Ö¬µÖê µÖÖ ¤üÖê­Æüß 
�ÖÖêÂ™üß ÃÖ´ÖÖ×¾ÖÂ™ü †ÖÆêüŸÖ. †Ö×¤ü¾ÖÖÃÖà“µÖÖ »ÖÖê�ú ×“Ö¡Ö�ú»ÖÖ, »ÖÖê�ú�ÖßŸÖê, »ÖÖê�ú­ÖéŸµÖ ‡ŸµÖÖ¤üß 
»ÖÖê�ú�ú»ÖÖÓ­ÖÖ ‹ê×ŸÖÆüÖ×ÃÖ�ú ¾ÖÖ¸üÃÖÖ †ÖÆêü. †Ö×¤ü¾ÖÖÃÖà“µÖÖ ¯ÖÏ£ÖÖ, ¯Ö¸Óü¯Ö¸üÖ, ³ÖÖ¾Ö­ÖÖ, ŸµÖÖÓ“ÖÖ ×­ÖÃÖ�ÖÔ¾ÖÖ¤üß 
¥üÂ™üß�úÖê­Ö ‡ŸµÖÖ¤üß �ÖÖêÂ™üà“Öß ´ÖÖ×ÆüŸÖß †Ö¯Ö»µÖÖ»ÖÖ  ŸµÖÖÓ“µÖÖ »ÖÖê�ú�ú»ÖÖÓ́ Ö¬Ö æ­Ö ×´ÖôûŸÖê. ŸµÖÖ“Ö²Ö ü̧Öê²Ö¸ü 
»ÖÖê�ú�ú»ÖÖ ÃÖÖ¤ü¸ü �ú¸ü�µÖÖ“Öß �ú»ÖÖ †Ö�úÂÖÔ�ú †ÖÆêü. •µÖÖŸÖã­Ö ¯ÖÖÆü�ÖÖ·µÖÖÓ­ÖÖ †Ö­ÖÓ¤ü ×´ÖôûŸÖÖê. ŸµÖÖ´Öãôêû 
¯ÖµÖÔ™ü�ú †Ö×¤ü¾ÖÖÃÖà“Öß »ÖÖê�úÃÖÓÃ�éúŸÖß ¯ÖÖÆü�µÖÖÃÖÖšüß ³ÖÖ¸üŸÖÖŸÖß»Ö †Ö×¤ü¾ÖÖÃÖß �Öê¡ÖÖ´Ö¬µÖê µÖêŸÖÖŸÖ. 
ŸµÖÖÓ“µÖÖ »ÖÖê�ú�ú»ÖÖ ¯ÖÖÆãü­Ö †Ö­ÖÓ¤üßŸÖ ÆüÖêŸÖÖŸÖ †Ö×�Ö †Ö×¤ü¾ÖÖÃÖà“µÖÖ ÃÖÓÃ�éúŸÖß“Öê –ÖÖ­ÖÆüß ×´Öôû¾ÖŸÖÖŸÖ. 
µÖÖ »ÖÖê�ú�ú»ÖÖÓ­Öß ³ÖÖ¸üŸÖß»Ö ¯ÖµÖÔ™ü­ÖÖ»ÖÖ �ÖŸÖß ×´Öôû¾Öæ­Ö ¤êü�µÖÖŸÖ ´ÖÆüŸŸ¾ÖÖ“Öß ³Öæ×´Ö�úÖ ²Ö•ÖÖ¾Ö»Öê»Öß 
†ÖÆêü. †Ö×¤ü¾ÖÖÃÖà“µÖÖ »ÖÖê�ú�ú»ÖÖÓ­ÖÖ �ÖÏÖ´Öß�Ö ÃÖÓÃ�éúŸÖß“µÖÖ ˆ¤üµÖÖ¯ÖÖÃÖæ­Ö“Öß ¯Ö¸Óü¯Ö¸Ö »ÖÖ³Ö»Öê»Öß †ÖÆêü. ŸµÖÖ´Öãôêû“Ö ÆüµÖÖ »ÖÖê�ú�ú»ÖÖ ¾Öî×¿ÖÂ™üµÖ¯Öæ�ÖÔ †ÖÆêüŸÖ. 
�úÖôûÖ“µÖÖ †Öê‘ÖÖŸÖ ´ÖÖ­Ö¾Ö •ÖÃÖÖ †Ö¬Öã×­Ö�ú ²Ö­ÖŸÖ �Öê»ÖÖ ŸÖ¿ÖÖ µÖÖ ¯ÖÏÖ“Öß­Ö ¯ÖÏ£ÖÖ, ¯Ö Ó̧ü¯Ö¸üÖ »ÖÖê̄ Ö ¯ÖÖ¾Ö»µÖÖ ¯Ö Ó̧üŸÖã †Ö×¤ü¾ÖÖÃÖà­Öß ŸµÖÖ †Ö•ÖÆüß »ÖÖê�ú�ú»ÖÖÓ“µÖÖ 
´ÖÖ¬µÖ´ÖÖŸÖã­Ö ×™ü�ú¾Öã­Ö šêü¾Ö»Öê»µÖÖ †ÖÆêü. ŸµÖÖ´Öãôêû“Ö †Ö×¤ü¾ÖÖÃÖà“µÖÖ »ÖÖê�ú�ú»ÖÖ ¤ãüÙ´Öôû †Ö×�Ö ¾Öî×¿ÖÂ™üµÖ¯Öæ�ÖÔ ¾ÖÖ™üŸÖÖŸÖ. ¾ÖÖ»Öá »ÖÖê�ú×“Ö¡Ö�ú»ÖÖ †Ö×¤ü¾ÖÖÃÖß 
»ÖÖê�ú�ÖßŸÖê, �ÖÖë›üß »ÖÖê�ú­ÖéŸµÖ, ­ÖÖ�ÖÖ ­ÖéŸµÖ ‡ŸµÖÖ¤üß »ÖÖê�ú�ú»ÖÖ“Öß ¯Ö¸Óü¯Ö¸üÖ ¯ÖÏÖ�Öî×ŸÖÆüÖ×ÃÖ�ú �úÖôûÖ¯ÖÖÃÖã­Ö“ÖÖ †ÃÖ»µÖÖ“Öê ×­Ö¤ü¿ÖÔ­ÖÖÃÖ †Ö»Öê»Öß †ÖÆêü. •µÖÖÓ­Öß 
¤êü¿Ö - ×¾Ö¤êü¿Öß ¯ÖµÖÔ™ü�úÖÓ­ÖÖ ³ÖÖ¸üŸÖÖ´Ö¬µÖê †Ö×¤ü¾ÖÖÃÖß“Öß »ÖÖê�úÃÖÓÃ�éúŸÖß ¯ÖÖÆü�µÖÖÃÖÖšüß µÖê�µÖÖÃÖ ³ÖÖ�Ö ¯ÖÖ›ü»Öê †ÖÆêü. ³ÖÖ¸üŸÖÖŸÖß»Ö ¯ÖµÖÔ™ü�úÖ²Ö¸üÖê²Ö¸ü ×¾Ö¤êü¿Öß 
¯ÖµÖÔ™ü�ú Æüß  ´ÖãÓ²Ö‡Ô •Ö¾Öôûß»Ö ¾ÖÖ»Öá •Ö´ÖÖŸÖß“ÖÖ ¯ÖÏ¤êü¿Ö, ÃÖÖŸÖ¯Öã›üµÖÖŸÖß»Ö ×³Ö»»Ö •Ö´ÖÖŸÖß“ÖÖ ¯ÖÏ¤êü¿Ö ,�Ö›ü×“Ö¸üÖê»Öß ×•Ö»ÆüµÖÖŸÖß»Ö �ÖÖë›ü •Ö´ÖÖŸÖß“ÖÖ ¯ÖÏ¤êü¿Ö, —
ÖÖ¸ü�ÖÓ›ü ´Ö¬Öß»Ö ´ÖÓã›üÖ •Ö´ÖÖŸÖß“ÖÖ ¯ÖÏ¤êü¿Ö, ­ÖÖ�ÖÖ»ÖÑ›ü - †ÖÃÖÖ´Ö ³ÖÖ�ÖÖŸÖß»Ö ­ÖÖ�ÖÖ •Ö´ÖÖŸÖß“ÖÖ ¯ÖÏ¤êü¿Ö, ×Æü´ÖÖ“Ö»Ö ¯ÖÏ¤êü¿ÖÖŸÖß»Ö †Ö×¤ü¾ÖÖÃÖß »ÖÖê�úÃÖÓÃ�éúŸÖß 
¯ÖÖÆü�µÖÖÃÖÖšüß ¯ÖµÖÔ™ü­Ö �ú¸üŸÖÖŸÖ. •µÖÖ ´Öãôêû ¯ÖµÖÔ™ü­Ö ¾µÖ¾ÖÃÖÖµÖÖ“ÖÖ ×¾Ö�úÖÃÖ ‘Ö›ãü­Ö µÖêŸÖÖê. †Ö×¤ü¾ÖÖÃÖà“µÖÖ »ÖÖê�ú�ú»ÖÖÓ“ÖÖ †³µÖÖÃÖ �ú¸ü�Öê †Ö¾Ö¿µÖ�ú †ÖÆêü. 
ŸµÖÖ²Ö¸üÖê²Ö¸ü ¯ÖµÖÔ™ü­ÖÖŸÖ µÖÖ »ÖÖê�ú�ú»ÖÖÓ“µÖÖ µÖÖê�Ö¤üÖ­ÖÖ“Öß ´ÖÖ×ÆüŸÖß ‘Öê�ÖêÆüß �Ö¸ü•Öê“Öê †ÖÆêü. 
 
»ÖÖê�ú�ú»ÖÖÓ“ÖÖ †£ÖÔ :-  

»ÖÖê�ú�ú»ÖÖ �ÖÏÖ´Öß�Ö †Ö×�Ö †Ö×¤ü¾ÖÖÃÖß ³ÖÖ�ÖÖŸÖã­Ö ×­Ö´ÖÖÔ�Ö —ÖÖ»Öê»µÖÖ †ÖÆêüŸÖ. ŸµÖÖ´Öãôêû ³ÖÖ¸üŸÖÖŸÖß»Ö »ÖÖê�ú�ú»ÖÖÓ“Öê ×­Ö´ÖÖÔŸÖê �ÖÏÖ´Öß�Ö 
†Ö×�Ö †Ö×¤ü¾ÖÖÃÖà“Ö †ÖÆêüŸÖ Æêü Ã¯ÖÂ™ü ÆüÖêŸÖê. »ÖÖê�úÖÓ­Öß »ÖÖê�úÖÓ“µÖÖ ³ÖÖÂÖêŸÖ (²ÖÖê»Öß³ÖÖÂÖÖ) »ÖÖê�úÖÓÃÖÖšüß ×­Ö´ÖÖÔ�Ö �êú»Öê»Öß �ú»ÖÖ ´Æü�Ö•Öê »ÖÖê�ú�ú»ÖÖ 
ÆüÖêµÖ. 1»ÖÖê�ú�ú»ÖÖÓ“ÖÖ ×­Ö´ÖÖÔŸÖÖ �úÖê�ÖßÆüß  ‹�ú ¾µÖŒŸÖß ­ÖÖÆüß ŸÖ¸ü ¾µÖŒŸÖß“µÖÖ ÃÖ´ÖãÆüÖ�ú›æü­Ö “ÖÖ»ÖŸÖ †Ö»Öê»µÖÖ �ú»ÖÖ †ÖÆêüŸÖ. µÖÖ ×šü�úÖ�Öß ‹�ú 
¾µÖŒŸÖß ­ÖÖÆüß ŸÖ¸ü ¾µÖŒŸÖà“ÖÖ ÃÖ´ÖãÆü †ÃÖŸÖÖê ŸµÖÖ´Öãôêû µÖÖ �ú»ÖÖÓ­ÖÖ »ÖÖê�ú�ú»ÖÖ †ÃÖê ´Æü�ÖŸÖÖŸÖ. 2 »ÖÖê�ú×“Ö¡Ö�ú»ÖÖ, »ÖÖê�ú�ÖßŸÖê, »ÖÖê�ú­ÖéŸµÖ µÖÖ 
†Ö×¤ü¾ÖÖÃÖß »ÖÖê�ú�ú»ÖÖÓ“ÖÖ ×­Ö´ÖÖÔŸÖÖ †–ÖÖŸÖ †ÃÖŸÖÖê. ŸµÖÖ´Öãôêû ŸµÖÖÓ“µÖÖ  »ÖÖê�ú�ú»ÖÖÓ“µÖÖ ×­Ö´ÖáŸÖß“Öê ÁÖêµÖ †Ö×¤ü¾ÖÖÃÖß ÃÖ´ÖãÆüÖ»ÖÖ •ÖÖŸÖê. ŸµÖÖ²Ö¸üÖê²Ö¸ü“Ö 
µÖÖ »ÖÖê�ú�ú»ÖÖ“Öê ÃÖÖ¤ü¸üß�ú¸ü�Ö ÃÖ´ÖãÆüÖ­Öê ÆüÖêŸÖ †ÃÖ»µÖÖ´Öãôêû »ÖÖê�ú�ú»ÖÖÓ“Öê Ã¾Ö¹ý¯Ö ÃÖÖ´Öã×Æü�ú †ÃÖŸÖê. Æêü“Ö µÖÖ �ú»ÖÖÓ́ Ö¬Öß»Ö ¯ÖÏÖ£Ö×´Ö�ú ¾Öî×¿ÖÂµÖ 
´Æü�ÖŸÖÖ µÖê‡Ô»Ö •µÖÖ´Öãôêû ¯ÖµÖÔ™ü�úÖÓÃÖÖšüß ÆüµÖÖ »ÖÖê�ú�ú»ÖÖ ¯ÖµÖÔ™ü­ÖßµÖ šü¸üŸÖÖŸÖ.  
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†Ö×¤ü¾ÖÖÃÖß »ÖÖê�ú�ú»ÖÖÓ“ÖÖ ˆ�Ö´Ö :-  
³ÖÖ¸üŸÖÖ´Ö¬µÖê �ÖÏÖ´Öß�Ö ÃÖÓÃ�éúŸÖß“Öß ÃÖã¹ý¾ÖÖŸÖ —ÖÖ»µÖÖ¯ÖÖÃÖã­Ö“Ö »ÖÖê�ú�ú»ÖÖÓ“ÖÖ ˆ�Ö´Ö —ÖÖ»ÖÖ †ÃÖ¾ÖÖ ¯Ö¸ÓüŸÖã ‹ê×ŸÖÆüÖ×ÃÖ�ú ÃÖÖ¬Ö­ÖÖ †³ÖÖ¾Öß ¾ÖŸÖỐ ÖÖ­Ö 

�úÖôûÖŸÖ »ÖÖê�ú�ú»ÖÖÓ“µÖÖ ˆ�Ö´ÖÖÓ“ÖÖ ×­ÖÛ¿“ÖŸÖ �úÖ»Ö�Îú´Ö šü¸ü×¾Ö�Öê ¿ÖŒµÖ ­ÖÖÆüß. ¯ÖÏÖ�Öî×ŸÖÆüÖ×ÃÖ�ú �úÖôûÖŸÖß»Ö �Öã±úÖ ×“Ö¡Ö�úÖ¸üß, ØÃÖ¬Öã ÃÖÓÃ�éúŸÖß“µÖÖ �úÖôûÖŸÖß»Ö 
»ÖÖê�ú�ú»ÖÖÓ¿Öß  ÃÖÓ²ÖÓ¬ÖßŸÖ †¾Ö¿ÖêÂÖ ‡ŸµÖÖ¤üß ¾Ö¹ý­Ö »ÖÖê�ú�ú»ÖÖÓ“ÖÖ ‡×ŸÖÆüÖÃÖ �ÖÏÖ´Öß�Ö •Öß¾Ö­ÖÖ“µÖÖ ˆ�Ö´ÖÖ ‹¾ÖœüÖ“Ö •Öã­ÖÖ †ÃÖÖ¾ÖÖ. ³ÖÖÂÖÖ †Ö×�Ö ×»Ö¯Öß 
´ÖÖ­Ö¾ÖÖ»ÖÖ †¾Ö�ÖŸÖ ÆüÖê�µÖÖ¯Öæ¾Öá“Ö †Ö¯Ö»µÖÖ ³ÖÖ¾Ö­ÖÖ ¾µÖŒŸÖ �ú¸ü�µÖÖÃÖÖšüß ×“Ö¡Ö�ú»ÖêÃÖÖ¸ü�µÖÖ »ÖÖê�ú�ú»ÖÖÓ“ÖÖ ¾ÖÖ¯Ö¸ü ´ÖÖ­Ö¾ÖÖ­Öê �êú»Öê»Öê †ÃÖ»µÖÖ“Öê ¯Öã̧ üÖ¾Öê 
×³Ö´Ö²Öê™ü�úÖ ÃÖÖ¸ü�µÖÖ �Öã±êúŸÖß»Ö ×“Ö¡Ö�ú»ÖêŸÖã­Ö ×´ÖôûŸÖÖŸÖ. ØÃÖ¬Öã ÃÖÓÃ�éúŸÖß“µÖÖ �úÖôûÖŸÖß»Ö ³ÖÖ¾Ö×“Ö¡Ö ×»Ö¯Öß, ´ÖÖŸÖß“µÖÖ ³ÖÖÓ›üµÖÖ¾Ö¸üß»Ö ×“Ö¡Öê ‡ŸµÖÖ¤üß 
»ÖÖê�ú�ú»ÖÖÓ“µÖÖ ˆ�Ö´ÖÖ“Öß ˆ¤üÖÆü¸ü�Öê †ÖÆêüŸÖ. †Ö×¤ü¾ÖÖÃÖß ÃÖÓÃ�éúŸÖß ³ÖÖ¸üŸÖÖŸÖß»Ö ´Öãôû ÃÖÓÃ�éúŸÖß †ÖÆêü ŸµÖÖ´Öãôêû ÆüµÖÖ »ÖÖê�ú�ú»ÖÖ †Ö×¤ü¾ÖÖÃÖà­Öß“Ö ×­Ö´ÖÖÔ�Ö 
�êú»Öê»µÖÖ †ÃÖÖ¾µÖÖŸÖ �úÖ¸ü�Ö ¯ÖÏÖê�Öî×ŸÖÆüÖ×ÃÖ�ú �úÖôûÖŸÖß»Ö ×³Ö´Ö²Öêê™ü�úÖ ÃÖÖ¸ü�µÖÖ �Öã±êúŸÖß»Ö ×“Ö¡Ö�ú»ÖÖÓ“Öê ­Ö´Öã­Ö ê †Ö×¤ü¾ÖÖÃÖß ×“Ö¡Ö�ú»ÖêŸÖ ¯ÖÖÆüÖ¾ÖµÖÖÃÖ 
×´ÖôûŸÖÖŸÖ. ŸµÖÖ²Ö¸üÖê²Ö¸ü“Ö ¯ÖÏÖê�Öî×ŸÖÆüÖ×ÃÖ�ú �úÖôûÖŸÖß»Ö ¯ÖÖÂÖÖ�Ö ÆüŸµÖÖ¸êü †Ö•Ö £ÖÖê›üµÖÖ±úÖ¸ü ±ú¸ü�úÖ­Öê †Ö¯Ö�ÖÖÃÖ ´ÖÖ�ÖÖÃÖ»Öê»µÖÖ †Ö×¤ü¾ÖÖÃÖß »ÖÖê�úÖÓ“µÖÖ ¾ÖÖ¯Ö¸üÖŸÖ 
†ÃÖ»µÖÖ“Öê ²Ö‘ÖÖ¾ÖµÖÖÃÖ  ×´ÖôûŸÖÖŸÖ. 3 �ÖÖë×¤üµÖÖ ×•Ö»ÆüµÖÖŸÖß»Ö �ú“ÖÖ¸ü�Ö›ü �Öã±êúŸÖ 50000 ¾ÖÂÖÖÔ̄ Öæ¾Öá ´ÖÖ­Ö¾ÖÖ“ÖÖ ÃÖ´ÖãÆü ×­Ö¾ÖÖÃÖÖÃÖ †ÃÖÖ¾ÖÖ †ÃÖÖ ¯Öã̧ üÖ¾ÖÖ 
ˆŸ�Ö­Ö­ÖÖŸÖ ã­Ö †Öœüôû»ÖÖ †ÖÆêü. 4 Æüß �Öã±úÖ †Ö×¤ü¾ÖÖÃÖß �ÖÖë›ü •Ö´ÖßŸÖß“Öê †Ö¸üÖ¬µÖ Ã£Öôû †ÖÆêü. µÖÖ †Ö¸üÖ¬µÖ Ã£ÖôûÖ“µÖÖ �ú£Öê¾Ö¹ý­Ö �ÖÖë›üß ­ÖéŸµÖÖ“ÖÖ ˆ�Ö´Ö µÖÖ 
†Ö¸üÖ¬µÖ Ã£ÖôûÖŸÖã­Ö —ÖÖ»ÖÖ †ÃÖÖ¾ÖÖ †¿Öß ´ÖÖ×ÆüŸÖß ×´ÖôûŸÖê. 5 µÖÖ¾Ö¹ý­Ö †Ö×¤ü¾ÖÖÃÖß »ÖÖê�ú�ú»ÖÖÓ“ÖÖ ˆ�Ö´Ö �ÖÏÖ´Öß�Ö ÃÖÓÃ�éúŸÖß“µÖÖ ˆ¤üµÖÖ²Ö¸üÖê²Ö¸ü —ÖÖ»ÖÖ 
†ÃÖÖ¾ÖÖ Æêü Ã¯ÖÂ™ü ÆüÖêŸÖê. 
 

†Ö×¤ü¾ÖÖÃÖß »ÖÖê�ú�ú»ÖÖ :-  
»ÖÖê�ú×“Ö¡Ö�ú»ÖÖ, »ÖÖê�ú�ÖßŸÖê, »ÖÖê�ú­ÖéŸµÖ ‡ŸµÖÖ¤üß †Ö×¤ü¾ÖÖÃÖà“µÖÖ »ÖÖê�ú�ú»ÖÖ †ÖÆêüŸÖ. ¯ÖÏÖ“Öß­Ö �úÖôûÖ¯ÖÖÃÖæ­Ö ŸÖ¸ü ¾ÖŸÖỐ ÖÖ­Ö �úÖôûÖ¯ÖµÖÕŸÖ ³ÖÖ¸üŸÖßµÖ 

ÃÖÓÃ�éúŸÖßŸÖ †­Öê�ú¾ÖêôûÖ ÃÖÓ�Îú´Ö�Ö —ÖÖ»Öê»Öê †ÖÆêü. ŸµÖÖ´Öãôêû †Ö×¤ü¾ÖÖÃÖà“µÖÖ ÃÖ¾ÖÔ“Ö »ÖÖê�ú»ÖÖÓ­ÖÖ ¾Öê�Öôêû �ú¸üŸÖÖ µÖê�ÖÖ¸ü ­ÖÖÆüß. ¯Ö¸ÓüŸÖã �úÖÆüß »ÖÖê�ú�ú»ÖÖ 
†Ö×¤ü¾ÖÖÃÖßÓ́ Ö¬µÖê“Ö ¯ÖÏ×ÃÖ¬¤ü †ÖÆêüŸÖ Ø�ú¾ÖÖ ŸµÖÖ »ÖÖê�ú�ú»ÖÖ †Ö×¤ü¾ÖÖÃÖà´Ö¬µÖê“Ö ÃÖÖ¤ü¸ü �êú»µÖÖ •ÖÖŸÖÖŸÖ. ŸµÖÖ“ÖÖÓ“Ö ˆ»»Öê�Ö µÖÖ´Ö¬µÖê �ú¸ü�µÖÖŸÖ µÖê‡Ô»Ö. 
†Ö×¤ü¾ÖÖÃÖà“µÖÖ »ÖÖê�ú�ú»ÖÖ ÃÖÖ´ÖÖ×•Ö�ú, ¬ÖÖÙ´Ö�ú †Ö×�Ö ŸµÖÖÓ“µÖÖ ­ÖîÃÖÙ�Ö�ú •Öß¾Ö­ÖÖ“µÖÖ  ¥üÂüµÖÖÓ¿Öß ÃÖÓ²ÖÓ¬ÖßŸÖ †ÖÆêüŸÖ.  

 
†Ö×¤ü¾ÖÖÃÖß »ÖÖê�ú×“Ö¡Ö�ú»ÖÖ :- 

†Ö×¤ü¾ÖÖÃÖà´Ö¬µÖê ¯ÖÏÖ“Öß­Ö �úÖôûÖ¯ÖÖÃÖæ­Ö †Ó�Ö­ÖÖŸÖ, ‘Ö¸üÖ“µÖÖ Ø³ÖŸÖß¾Ö¸, »Ö�­ÖÖÓ“µÖÖ ´ÖÓã›üµÖÖÓ¾Ö¸ü ×­ÖÃÖ�ÖÖÔ¿Öß ÃÖ²ÖÓ¬ÖßŸÖ ×¾Ö×¾Ö¬Ö ¤êü¾Öß - ¤êü¾ÖŸÖÖÓ“Öß ×“Ö¡Öê 
�úÖœü�µÖÖŸÖ µÖêŸÖÖŸÖ. "µÖê ×“Ö¡Ö ¯ÖÏÖ�Öî×ŸÖÆüÖ×ÃÖ�ú �Öã±úÖ ×“Ö¡ÖÖêÓ �úß ŸÖ¸üÆü ×¤ü�ÖŸÖê Æîü… 6 •µÖÖ´Ö¬µÖê ¾Ö­µÖ ¯ÖÏÖ�µÖÖ“Öß ×¿Ö�úÖ¸ü �ú¸üŸÖÖ­ÖÖ Ø�ú¾ÖÖ ×¿Ö�úÖ¸ü �êú»Öê»ÖÖ ¯ÖÏÖ�Öß 
‘Öê¾Öæ­Ö •ÖÖŸÖÓÖ­ÖÖ, ­ÖéŸµÖ �ú¸üŸÖÖÓ­ÖÖ, ¿ÖêŸÖÖŸÖ ¯Öȩ̂ ü�Öß, ¿ÖêŸÖß“Öß �úÖ¯Ö­Öß �ú¸üŸÖÖÓ­ÖÖ“Öß ×“Ö¡Öê †Ö×¤ü¾ÖÖÃÖß �úÖœüŸÖÖŸÖ. •Öß ¯ÖµÖÔ™ü�úÖÃÖÖšüß  †Ö�úÂÖÔ­ÖßµÖ †ÖÆêüŸÖ. µÖÖ 
»ÖÖê�ú ×“Ö¡Ö�ú»ÖÖÓ“Öê ­Ö´Öã­Öê †Ö•Ö ×¾Ö�Îúß“Öê ¾ÖÃŸÖã ²Ö­Ö»µÖÖ †ÖÆêüŸÖ. ŸµÖÖÓ“Öê ¾ÖÖÃŸÖ¾Ö ×“Ö¡Ö ¯ÖÖÆü�µÖÖÃÖÖšüß ¾ÖÖ»Öá •Ö´ÖÖŸÖß ¸üÖÆüÖŸÖ †ÃÖ»Öê»µÖÖ ¯ÖÏ¤êü¿ÖÖ´Ö¬µÖê ¯ÖµÖÔ™ü�ú 
´ÖÖêšüµÖÖ ¯ÖḮ ÖÖ�ÖÖŸÖ µÖêŸÖÖŸÖ. ¾ÖÖ»Öá †Ö×¤ü¾ÖÖÃÖß •Ö´ÖÖŸÖß“Öß »ÖÖê�ú×“Ö¡Ö�ú»ÖÖ ³ÖÖ¸üŸÖÖ´Ö¬µÖê ¯ÖÏ×ÃÖ¬¤ü †ÖÆêü Æüß •Ö´ÖÖŸÖ ´ÖãÓ²Ö‡Ô ´ÖÆüÖ­Ö�Ö¸üÖÓ“µÖÖ ²ÖÖ•Öã“µÖÖ ¯ÖÏ¤êü¿ÖÖŸÖ 
¾ÖÃÖ»Öê»Öß †ÖÆêü. ³ÖÖ¸üŸÖÖŸÖß»Ö ‹¾ÖœüµÖÖ ´ÖÖêšüµÖÖ ´ÖÆüÖ­Ö�Ö¸Ö•Ö¾Öôû Æüß •Ö´ÖÖŸÖ ¸üÖÆüÖŸÖü †ÃÖæ­ÖÆüß ¾ÖÖ»Öá •Ö´ÖÖŸÖß­Öê ¯ÖÏÖ“Öß­Ö �úÖôûÖ¯ÖÖÃÖæ­Ö“Öß †Ö¯Ö»Öß ¯Ö¸Óü¯Ö¸üÖ •Ö¯Öã­Ö 
šêü¾Ö»Öê»Öß †ÖÆêü. ¯Öã¾Öá Æüß ×“Ö¡Ö�úÖ¸üß  Ã¡ÖßµÖÖ“Ö �ú¸üÖµÖ“µÖÖ ¯Ö Ó̧üŸÖã †Ö•Ö ¯Öã¹ýÂÖÆüß Æüß ×“Ö¡Ö�úÖ¸üß �úÖœüŸÖÖŸÖ. ¾ÖÖ»Öá •Ö´ÖÖŸÖß“Öê »ÖÖê�ú µÖÖ ×“Ö¡Ö�ú»Öê“ÖÖ ˆ¯ÖµÖÖê�Ö 
†Ö¯Ö»µÖÖ ‘Ö¸üÖ“µÖÖ Ø³ÖŸÖß ÃÖãÓ¤ü̧ ü ×¤üÃÖ�µÖÖÃÖÖšüß Ø³ÖŸÖß¾Ö¸ü ×“Ö¡Öê �úÖœüŸÖÖŸÖ. Æüß ×“Ö¡Ö�ú»ÖÖ †Ö•Ö  �úÖ�Ö¤ü, �úÖ¯Ö›ü ‡ŸµÖÖ¤µÖÖü¾Ö¸ü �úÖœü�µÖÖŸÖ µÖêŸÖê †Ö×�Ö ŸµÖÖ“Öê 
­Ö´Öã­Öê ²ÖÖ•ÖÖ¸ü¯ÖêšüÖ´Ö¬µÖê ×¾Ö�ú»Öê •ÖÖŸÖÖŸÖ. ŸµÖÖ“Öê ¯ÖÏ¤ü¿ÖÔ­Ö �êú»Öê •ÖÖŸÖê. �úÖ¯Ö›üÖ“µÖÖ †­Öê�ú ×›ü—ÖÖ‡Ô­Ö ²Ö­Ö×¾Ö�µÖÖÃÖÖšüß µÖÖ ×“Ö¡Ö�ú»Öê“ÖÖ ¾ÖÖ¯Ö¸ü �ú¸ü�µÖÖŸÖ µÖêŸÖÖê. 
µÖÖ ×“Ö¡Ö�ú»Öê ´Ö¬µÖê ³ÖÖ¸üŸÖÖŸÖß»Ö ¯ÖÏÖ¸Óü³Öß“µÖÖ �ÖÏÖ´Öß�Ö ÃÖÓÃ�éúŸÖß“Öê –ÖÖ­Ö ÃÖÖšü¾Ö»Öê»Öê †ÖÆêü. ŸµÖÖ´Öãôêû“Ö ¤êü¿Ö - ¯Ö¸ü¤êü¿ÖÖŸÖß»Ö ¯ÖµÖÔ™ü�ú Æüß ×“Ö¡Ö�ú»ÖÖ 
¯ÖÖÆü�µÖÖÃÖÖšüß ³ÖÖ¸üŸÖÖ´Ö¬µÖê µÖêŸÖÖŸÖ. ¾Ö µÖÖ ×“Ö¡Ö�ú»ÖÖ“Öê ­Ö´Öã­Öê ×¾Ö�úŸÖ ‘ÖêŸÖÖŸÖ. ŸµÖÖ´Öãôêû ³ÖÖ¸üŸÖßµÖ ¯ÖµÖÔ™ü­Ö ¾µÖ¾ÖÃÖÖµÖ ¾Öé¬¤üß�ÖŸÖ ÆüÖê�µÖÖÃÖ ´Ö¤üŸÖ —ÖÖ»Öß. 
¾ÖÖÃŸÖ¾ÖÖŸÖ ¾ÖÖ»Öá »ÖÖê�ú×“Ö¡Ö�ú»ÖÖ ÃÖÖ¬ÖÖ¸ü�Ö ×“Ö¡Ö�ú»ÖÖ †ÖÆêü. •µÖÖ´Ö¬µÖê ŸÖÖÓ¤üôûÖ“µÖÖ “Öã�ÖÖÔ̄ ÖÖÃÖæ­Ö ²Ö­Ö×¾Ö�µÖÖŸÖ µÖê�ÖÖ·µÖÖ ¯ÖÖÓœü·µÖÖ ¸Óü�ÖÖ“ÖÖ ¾ÖÖ¯Ö¸ü �êú»ÖÖ 
•ÖÖŸÖÖê. ÃÖÖ´ÖÖ­µÖ¯Ö�Öê ¾ÖŸÖãÔôûÖ�úÖ¸ü ×“Ö¡Ö�ú»ÖÖ �úÖœü�µÖÖŸÖ µÖêŸÖê •µÖÖ´Ö¬µÖê ´Ö¬µÖê - ´Ö¬µÖê  »ÖÖ»Ö ¾Ö ×¯Ö¾ÖôûµÖÖ ¸Óü�ÖÖ“Öê Ø²Ö¤ãü ²Ö­Ö×¾Ö�µÖÖŸÖ µÖêŸÖÖŸÖ. ¾ÖÖ»Öá 
×“Ö¡Ö�ú»Öế Ö¬µÖê ¾ÖÖ»Öá •Ö´ÖÖŸÖß“µÖÖ ¤îü­ÖÓ×¤ü­Ö •Öß¾Ö­ÖÖ“Öê ¾Ö ŸµÖÖÓ“µÖÖ ÃÖÖ´ÖÖ×•Ö�ú  •Öß¾Ö­ÖÖ“Öê ×“Ö¡Ö�Ö �êú»Öê»Öê †ÖÆêü. µÖÖ ×“Ö¡Ö�ú»Öê»ÖÖ ¯ÖÏÖ“Öß­Ö ¯Ö¸Óü¯Ö ü̧Ö †ÖÆêü. ¯Ö Ó̧üŸÖã 
¯Öã̧ üÖ¾µÖÖ †³ÖÖ¾Öß µÖÖ ×“Ö¡Ö�ú»Öê“ÖÖ ¯ÖÏÖ¸Óü³Ö �êúÓ¾ÆüÖ —ÖÖ»ÖÖ Æêü ×­ÖÛ¿“ÖŸÖ ÃÖÖÓ�ÖŸÖÖ µÖê�ÖÖ¸ü ­ÖÖÆüß ¤üÃÖ¾Öß ÃÖ¤üß ‡Ô. ¯Öã.�êú. †Ö¸üÓ³Öß�ú �úÖ»Ö ´ÖêÓ ‡ÃÖ�êú ÆüÖê­Öê �êú ÃÖÓ�êúŸÖ 
×´Ö»ÖŸÖê Æîü… ŸÖë¾ÆüÖ¯ÖÖÃÖæ­Ö Æüß »ÖÖê�ú×“Ö¡Ö�ú»ÖÖ ¾ÖÖ»Öá •Ö´ÖÖŸÖß´Ö¬µÖê ¯Ö¸Óü¯Ö ȩ̂ü­ÖãÃÖÖ¸ü “ÖÖ»ÖŸÖ †Ö»Öê»Öß †ÃÖÖ¾Öß. 7 1970 “µÖÖ ¯Öæ¾Öá ¾ÖÖ»Öá •Ö´ÖÖŸÖß ²ÖÖÆêü¸ü“µÖÖ 
•Ö�ÖÖ»ÖÖ µÖÖ »ÖÖê�ú×“Ö¡Ö�ú»Öê“Öß ´ÖÖ×ÆüŸÖß —ÖÖ»µÖÖ­ÖÓŸÖ¸ü µÖÖ  »ÖÖê�ú�ú»Öê»ÖÖ •Ö�Ö³Ö¸ü ¯ÖÏ×ÃÖ¬¤üß ×´ÖôûÖ»Öß. ŸµÖÖ­ÖÓŸÖ¸ü Æüß ×“Ö¡Ö�ú»ÖÖ ¯ÖµÖÔ™ü­Ö ¾µÖ¾ÖÃÖÖµÖÖ“Öê ´ÖÆü¢¾ÖÖ“Öê 
ÃÖÖ¬Ö­Ö ²Ö­Ö»Öê. ¾ÖÖ»Öá •Ö´ÖÖŸÖß ¯ÖḮ ÖÖ�Öê“Ö ‡ŸÖ¸ü †Ö×¤ü¾ÖÖÃÖß •Ö´ÖÖŸÖß´Ö¬µÖêÆüß ×“Ö¡Ö�ú»ÖÖ �úÖœü�µÖÖŸÖ µÖêŸÖÖŸÖ. ‘Ö¸üÖ“µÖÖ ´ÖÖŸÖß“µÖÖ Ø³ÖŸÖß ÃÖãÓ¤ü¸ü ²Ö­Ö×¾Ö�µÖÖÃÖÖšüß 
´ÖÖŸÖß“Öß ³ÖÖÓ›üß, ¾ÖÖ¤üµÖ ‡ŸµÖÖ¤üß¾Ö¸ü  ÃÖã²Ö�ú ×“Ö¡Ö�úÖ¸üß �ú¸ü�µÖÖŸÖ µÖêŸÖ †ÃÖŸÖê. ²ÖÖÓ²Öã̄ ÖÖÃÖæ­Ö ²Ö­Ö×¾Ö�µÖÖŸÖ µÖê�ÖÖ·µÖÖ �ú»ÖÖ�ãúÃÖ¸üß“µÖÖ ¾ÖÃŸÖã¾Ö¸ü ÃÖã²Ö�ú 
×“Ö¡Ö�ú»ÖÖ �úÖœüŸÖÖŸÖ. ×“Ö¡Ö�ú»Öê ÃÖÖ¸ü�ÖÖ“Ö �ÖÖê¤ü¾Ö­Ö ¯ÖÏ�úÖ¸üÆüß †Ö×¤ü¾ÖÖÃÖß´Ö¬µÖê ¯ÖÆüÖ¾ÖµÖÖÃÖ ×´ÖôûŸÖÖê. †Ö×¤ü¾ÖÖÃÖß Ã¡ÖßµÖÖ ÆüÖŸÖ, ¯ÖÖµÖ, ­ÖÖ�ú, �ú¯ÖÖôû, �ÖÖ»Ö 
‡ŸµÖÖ¤üß ¿Ö¸üß¸üÖ“µÖÖ †Ó�ÖÖ¾Ö¸ü ¯Ö¿Öã, ¯Ö�Öß, ¤êü¾Öß - ¤êü¾ÖŸÖÖ , ±ãú»Öê  - ±úôêû, ÃÖãµÖÔ, “ÖÓ¦ü, ŸÖÖ¸êü ‡ŸµÖÖ¤üà“Öê ×“Ö¡Öê ­ÖîÃÖÙ�Ö�ú ¸Óü�ÖÖ“µÖÖ ÃÖÆüÖµµÖÖ­Öê �úÖœüŸÖÖŸÖ. •ÖÖ ê 
†Ö×¤ü¾ÖÖÃÖà“µÖÖ ˆ¢Ö´Ö ×“Ö¡Ö�úÖ¸üß“ÖÖ  ‹�ú ³ÖÖ�Ö †ÖÆêü. �úß †Ö×¤ü¾ÖÖÃÖß Ã¡ÖßµÖÖ †Ö¯Ö»µÖÖ ¿Ö¸üß¸üÖ»ÖÖ ÃÖãÓ¤ü¸ü -  ÃÖã²Ö�ú  ²Ö­Ö×¾Ö�µÖÖÃÖÖšüß †Ö¯Ö»µÖÖ †Ó�ÖÖ¾Ö¸ü 
­ÖîÃÖÙ�Ö�ú ¸Óü�ÖÖ­Öê ×“Ö¡Öê �úÖœüŸÖÖŸÖ. �ÖÖê¤ü¾Ö­ÖÖŸÖß»Ö ×“Ö¡ÖêÆüß ŸµÖÖÓ“µÖÖ ÃÖÓÃ�éúŸÖß“Öß ´ÖÖ×ÆüŸÖß ¤êüŸÖÖŸÖ.  
†Ö×¤ü¾ÖÖÃÖß »ÖÖê�ú�ÖßŸÖê :- 
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³ÖÖ¸üŸÖÖ´Ö¬µÖê †Ö×¤ü¾ÖÖÃÖà“µÖÖ †­Öê�ú •Ö´ÖÖŸÖß †ÖÆêüŸÖ. ¯ÖÏŸµÖê�ú •Ö´ÖÖŸÖß“Öß ³ÖÖÂÖÖ ¾Öê�Ö¾Öê�Öôûß †ÖÆêü. ŸµÖÖÓ“µÖÖ ³ÖÖÂÖế Ö¬µÖê ŸµÖÖÓ“Öß »ÖÖê�ú�ÖßŸÖê †ÖÆêüŸÖ. 
ŸµÖÖÓ“µÖÖ ¤îü­ÖÓ×¤ü­Ö •Öß¾Ö­ÖÖ´Ö¬µÖê »ÖÖê�ú�ÖßŸÖÖÓ­ÖÖ †­Ö­µÖ ÃÖÖ¬ÖÖ¸ü�Ö ´ÖÆüŸŸ¾Ö †ÖÆêü. ¿ÖêŸÖÖŸÖß»Ö �úÖ´Öê, ×¾Ö¾ÖÖÆü, ­Ö×¾Ö­Ö †¯ÖŸµÖÖ“ÖÖ •Ö­´Ö, ´ÖéŸµÖæ, ÃÖ�Ö - ˆŸÃÖ¾Ö 
‡ŸµÖÖ¤üß ¾Öêôûß †Ö×¤ü¾ÖÖÃÖß »ÖÖê�ú�ÖßŸÖê ´Æü�ÖŸÖ †ÃÖŸÖÖŸÖ. »ÖÖê�ú�ú»ÖÖ †Ö×¤ü¾ÖÖÃÖß ³ÖÖ�ÖÖŸÖã­Ö ×­Ö´ÖÖÔ�Ö —ÖÖ»µÖÖ´Öãôêû »ÖÖê�ú�ÖßŸÖÖÓ“Öê ×­Ö´ÖÖÔŸÖê †Ö×¤ü¾ÖÖÃÖß †ÖÆêüŸÖ, 
†ÃÖê ´Æü™ü»µÖÖÃÖ †×ŸÖ¿ÖµÖÖêŒŸÖß ÆüÖê�ÖÖ¸ü ­ÖÖÆüß. 8) †Ö×¤ü¾ÖÖÃÖà“Öß »ÖÖê�ú�ÖßŸÖê †×»Ö�ÖßŸÖ Ã¾Ö¹ý¯ÖÖŸÖ †ÖÆêüŸÖ. ¯Ö¸Óü¯Ö ȩ̂ü­ÖãÃÖÖ¸ü ´ÖÖî�Öß�ú ¯Ö¬¤üŸÖß­Öê “ÖÖ»ÖŸÖ †Ö»Öê»Öß 
†ÖÆêüŸÖ. ¯ÖÏÖ“Öß­Ö �úÖôûÖ¯ÖÖÃÖæ­Ö “ÖÖ»ÖŸÖ †Ö»Öê»Öê †Ö×¤ü¾ÖÖÃÖà“Öê ×¿Ö�ÖÖ �ëú¦ü  "�ÖÖê™ãü»Ö"  “ÖÖ �ÖÖ�Öê †Ö×�Ö ­ÖÖ“Ö�Öê ¯ÖÏÖ�Ö“Ö ÆüÖêŸÖÖ. µÖÖ �ÖÖê™ãü»Ö ´Ö¬µÖê ÃÖÓ¬µÖÖ�úÖôûß 
†Ö×¤ü¾ÖÖÃÖß ´Öã»Öê - ´Öã»Öß »ÖÖê�ú�ÖßŸÖê ´Æü�ÖŸÖ ¾Ö ­ÖéŸµÖ �ú×¸üŸÖ †ÃÖŸÖ. µÖÖŸÖã­Ö“Ö †Ö×¤ü¾ÖÖÃÖß“µÖÖ ÃÖÖ´Öã×Æü�ú •Öß¾Ö­ÖÖ´Ö¬µÖê »ÖÖê�ú�ÖßŸÖÖÓ­Öß †Ö¯Ö»Öê Ã£ÖÖ­Ö 
×´Öôû¾ÖÖ“Öê †Ö×¤ü¾ÖÖÃÖà“µÖÖ »ÖÖê�ú�ÖßŸÖÖÓ“Öß ³ÖÖÂÖÖ †Ö×�Ö ¿Ö²¤ü �ú»ÖÖ †Ö×¤ü¾ÖÖÃÖà“µÖÖ ¸üÖê•Ö“µÖÖ ¾µÖ¾ÖÆüÖ ü̧ß •Ö�Ö­µÖÖ ¾ÖÖ�Ö�µÖÖŸÖã­Ö ×¸üŸÖß ×¸ü¾ÖÖ•ÖÖŸÖã­Ö ˆ¤üµÖÖÃÖ 
†Ö»µÖÖ †ÃÖ»µÖÖ“Öê ×¤üÃÖŸÖê. ŸµÖÖ´Öãôêû µÖÖ »ÖÖê�ú�ÖßŸÖÖÓ­ÖÖ ´ÖÖêšüß ¯Ö¸Óü¯Ö¸üÖ ¯ÖÏÖ¯ŸÖ —ÖÖ»Öß †ÖÆêü. 9) †Ö×¤ü¾ÖÖÃÖà“µÖÖ »ÖÖê�ú �ÖßŸÖÖ´Ö¬Öß»Ö ³ÖÖ¾Ö­ÖÖ  ¯ÖµÖÔ™ü�úÖÓ­ÖÖ 
»Öã³ÖÖ¾Ö�ÖÖ·µÖÖ †ÃÖŸÖÖŸÖ. †Ö×¤ü¾ÖÖÃÖß ³ÖÖ�ÖÖŸÖã­Ö ¯ÖµÖÔ™ü�ú ¯ÖÏ¾ÖÖÃÖ �ú¸üßŸÖ †ÃÖŸÖÖÓ­ÖÖ ¿ÖêŸÖÖŸÖ  �úÖ´Ö  �ú¸ü�ÖÖ·µÖÖ Ã¡ÖßµÖÖ“Öß �ÖÖ�Öß ‹ê�ãú­Ö ŸÖê Ã£Öôû 
¯ÖµÖÔ™ü�úÖÓÃÖÖšüß ÃÖ´Ö×­ÖµÖ —ÖÖ»Öê»Öê †ÃÖŸÖê. ¾ÖÂÖÔ³Ö¸ü ¿ÖÆü¸üß ³ÖÖ�ÖÖŸÖ ¸üÖÆãü­Ö ­ÖêÆü´Öß ´ÖÖê™üÖ¸ü �ÖÖ›üµÖÖÓ“ÖÖ †Ö¾ÖÖ•Ö ‹ê�ú­ÖÖ¸êü ¯ÖµÖÔ™ü�ú †¸ü�µÖÖŸÖ †Ö×¤ü¾ÖÖÃÖà“µÖÖ 
�ÖßŸÖÖŸÖß»Ö ´Ö¬Öã̧ ü †Ö¾ÖÖ•Ö †Ö×�Ö ŸµÖÖ ´Ö¬Öã̧  †Ö¾ÖÖ•ÖÖŸÖß»Ö †£ÖÖỐ Öãôêû †Ö­ÖÓ¤üßŸÖ ÆüÖêŸÖÖŸÖ. ¯ÖµÖÔ™ü�úü ˆ­ÆüÖôûµÖÖŸÖ †Ö×¤ü¾ÖÖÃÖà“µÖÖ ×¾Ö¾ÖÖÆü ¯ÖÏÃÖÓ�Öß �ÖÖµÖ»µÖÖ 
•ÖÖ�ÖÖ·µÖÖ �ÖßŸÖÖÓ“ÖÖ †ÖÃ¾ÖÖ¤ü ‘ÖêŸÖÖŸÖ. ­ÖÓ¤ãü¸ü²ÖÖ¸ü, �úÖê�ú�Ö, �Ö›ü×“Ö¸üÖê»Öß ‡ŸµÖÖ¤üß ³ÖÖ�ÖÖ´Ö¬µÖê ¯ÖµÖÔ™ü�ú ´ÖÖêšüµÖÖ ÃÖÓÃ£Öê­Öê µÖêŸÖÖŸÖ. ŸµÖÖÓ“ÖÖ ˆ§êü¿Ö ŸµÖÖ ³ÖÖ�ÖÖŸÖß»Ö 
×­ÖÃÖ�ÖÔ ÃÖÖï¤üµÖÖÔ²Ö¸üÖê²Ö¸ü ŸµÖÖ ³ÖÖ�ÖÖŸÖß»Ö †Ö×¤ü¾ÖÖÃÖß ÃÖÓÃ�éúŸÖß ¯ÖÖÆü�Öê ÆüÖ †ÃÖŸÖÖê. †Ö×¤ü¾ÖÖÃÖß  †Ö¯Ö»µÖÖ »ÖÖê�ú�ÖßŸÖÖ´Ö¬Öã­Ö †Ö¯Ö»µÖÖ ÃÖã�Ö - ¤ãü:�ÖÖ“µÖÖ 
³ÖÖ¾Ö­ÖÖ ¾µÖ�ŸÖ �ú¸üŸÖÖŸÖ. ŸµÖÖ“µÖÖ ¤êü¾Öß - ¤êü¾ÖŸÖÖ, ×­ÖÃÖ�Ö Ô ¯ÖÏế Ö ‡ŸµÖÖ¤üß ÃÖÓ²ÖÓ¬Öß �ÖßŸÖê ¯ÖµÖÔ™ü�úÖÃÖ †Ö�úÂÖÔ­ÖßµÖ †ÃÖŸÖÖŸÖ. †Ö×¤ü¾ÖÖÃÖà´Ö¬µÖê ¯Ö ã¹ýÂÖ 
»ÖÖê�ú�ÖßŸÖÖ¯Öê�ÖÖ Ã¡Öß »ÖÖê�ú�ÖßŸÖÓÖ“Öß ÃÖÓ�µÖÖ •ÖÖÃŸÖ †ÃÖŸÖÖ­ÖÖ ×¤üÃÖã­Ö µÖêŸÖê. Ã¡Öß •Öß¾Ö­ÖÖ¿Öß ÃÖ²ÖÓ¬ÖßŸÖ ³ÖÖ¾Ö - ³ÖÖ¾Ö­ÖÓÖ“Öê ×“Ö¡Ö�Ö »ÖÖê�ú�ÖßŸÖÖŸÖ •ÖÖÃŸÖ ¯ÖḮ ÖÖ�ÖÖŸÖ 
¸êü�ÖÖ™ü»Öê �Öê»µÖÖ“Öê ×¤üÃÖã­Ö µÖêŸÖê. †Ö×¤ü¾ÖÖÃÖà ¿ÖêŸÖÖŸÖß»Ö �úÖ´Öê ÃÖÖê̄ Öê �ú¸ü�µÖÖÃÖÖšüß, ×¾Ö¾ÖÖÆü ÃÖ´ÖÖ¸Óü³Ö ´Ö­ÖÖȩ̂ Óü•Ö�ú  �ú¸ü�µÖÖÃÖÖšüß »ÖÖê�ú�ÖßŸÖÖ“ÖÖ ¾ÖÖ¯Ö¸ü �ú¸üŸÖÖŸÖ. 
µÖÖ »ÖÖê�ú�ÖßŸÖÖÓ­Öß ¯ÖµÖÔ™ü�úÖÓ­ÖÖ †Ö×¤ü¾ÖÖÃÖß ³ÖÖ�ÖÖ´Ö¬µÖê µÖê�µÖÖÃÖ ³ÖÖ�Ö ¯ÖÖ›ü»µÖÖ´Öãôêû ¯ÖµÖÔ™ü­Ö ¾µÖ¾ÖÃÖÖµÖÖŸÖ ¾ÖÖœü ÆüÖê¾Öæ­Ö ŸÖÖȩ̂ ü�Ö´ÖÖôû, ×“Ö�Ö»Ö¤ü¸üÖ, �Ö›ü×“Ö ü̧Öê»Öß 
‡ŸµÖÖ¤üß ³ÖÖ�ÖÖ´Ö¬µÖê ¯ÖµÖÔ™ü­Ö †Ö×¤ü¾ÖÖÃÖà“µÖÖ ¸üÖê•Ö�ÖÖ¸üÖ“Öê ÃÖÖ¬Ö­Ö ²Ö­Ö»ÖÖ †ÖÆêü. •µÖÖŸÖã­Ö ŸµÖÖ ³ÖÖ�ÖÖŸÖß»Ö Ã£ÖÖ×­Ö�ú »ÖÖê�úÖÓ­ÖÖ ¯ÖîÃÖÖ ×´ÖôûŸÖÖê ŸµÖÖ²Ö¸üÖê²Ö¸ü“Ö 
³ÖÖ¸üŸÖ ÃÖ¸ü�úÖ¸ü»ÖÖÆüß ¤êü¿Ö - ×¾Ö¤êü¿Öß “Ö»Ö­Ö ×´ÖôûŸÖ †ÃÖŸÖê.  

 
†Ö×¤ü¾ÖÖÃÖß »ÖÖê�ú­ÖéŸµÖ :-  

†Ö×¤ü¾ÖÖÃÖß ˆ¢Ö´Ö ¯ÖÏ�úÖ¸êü »ÖÖê�ú­ÖéŸµÖ ÃÖÖ¤ü¸ü �ú¸üŸÖÖŸÖ. ³ÖÖ¸üŸÖÖŸÖß»Ö †Ö×¤ü¾ÖÖÃÖß »ÖÖê�ú­ÖéŸµÖÖÓ­ÖÖ •ÖÖ�ÖŸÖß�ú ¯ÖÏ×ÃÖ¬¤üß ×´ÖôûÖ»Öê»Öß †ÖÆêü. ³ÖÖ¸üŸÖßµÖ 
»ÖÖê�úÃÖÓÃ�éúŸÖß»ÖÖ ÃÖÖ¤ü¸ü �ú¸ü�µÖÖ“µÖÖ �úÖµÖÖÔŸÖ †Ö×¤ü¾ÖÖÃÖà“µÖÖ µÖÖ »ÖÖê�ú­ÖéŸµÖÖÓ­ÖÖ ´ÖÆüŸŸ¾ÖÖ“Öê Ã£ÖÖ­Ö †ÖÆêü. ×³Ö»»Ö ­ÖéŸµÖ, �ÖÖë›üß  ­ÖéŸµÖ, ´ÖãÓ›üÖ¸üß ­ÖéŸµÖ, ­ÖÖ�ÖÖ 
­ÖéŸµÖ ‡ŸµÖÖ¤üß †Ö×¤ü¾ÖÖÃÖß ­ÖéŸµÖ ³ÖÖ¸üŸÖÖ´Ö¬µÖê ¯ÖÏ×ÃÖ¬¤ü †ÖÆêüŸÖ. µÖÖ »ÖÖê�ú­ÖéŸµÖÖÓ­ÖÖ ¯ÖÖÆü�µÖÖÃÖÖšüß ¤êü¿Ö - ×¾Ö¤ê¿ÖÖŸÖã­Ö  ¯ÖµÖÔ™ü�ú †Ö×¤ü¾ÖÖÃÖß ³ÖÖ�ÖÖ´Ö¬µÖê 
Ã£Ö»ÖÖÓŸÖ×¸üüŸÖ ÆüÖêŸÖÖŸÖ. ÃÖ�Ö - ˆŸÃÖ¾ÖÖ“µÖÖ ¾Öêôêû»ÖÖ †Ö×¤ü¾ÖÖÃÖß »ÖÖê�ú­ÖéŸµÖÖÓ́ Ö¬µÖê ÃÖÆü³ÖÖ�Öß ÆüÖê¾Öæ­Ö ´Ö­ÖÖȩ̂ Óü•Ö­Ö �ú¸üŸÖÖŸÖ. †Ö×¤ü¾ÖÖÃÖß »ÖÖê�ú­ÖéŸµÖÖ´Öãôêû 
¯ÖµÖÔ™ü�úÖÓ­ÖÖ ŸµÖÖÓ“µÖÖ ¯ÖÏ£ÖÖ, ¯Ö¸Óǖ Ö¸üÖ, “ÖÖ»Öß×¸üŸÖß“Öß ´ÖÖ×ÆüŸÖß ÆüÖêŸÖê. •µÖÖ´Öãôêû ³ÖÖ¸üŸÖÖÓ“µÖÖ ÃÖÓÃ�éúŸÖß“Öß †Öêôû�Ö †ÖÓŸÖ¸ü̧ üÖÂ™ÒüßµÖ ÃŸÖ¸üÖ¾Ö¸ü µÖÖ »ÖÖê�ú­ÖéŸµÖÖ´Öãôêû 
ÆüÖêŸÖê. †Ö×¤ü¾ÖÖÃÖà“µÖÖ »ÖÖê�ú­ÖéŸµÖÖ“Öß ¯Ö Ó̧ü¯Ö¸üÖ ±úÖ¸ü ¯ÖÏÖ“Öß­Ö †ÖÆêü. µÖÖÓ“ÖÖ ÃÖÓ¤ü³ÖÔ �ú“ÖÖ¸ü�Ö›ü �Öã±êú“µÖÖ ÃÖÓ²ÖÓ¬ÖßŸÖ �ú£Öê¾Ö¹ý­Ö ×´ÖôûŸÖÖê �úß, �úÖ»Öß �Óú�úÖ»Öß“Öß 
´Öã»Öê ­Ö¤üß¾Ö¸ü Ã­ÖÖ­Ö �ú¸ü�µÖÖÃÖÖšüß �Öê»Öê»Öê †ÃÖŸÖÖ­ÖÖ ¾ÖÖ™êüŸÖ ÃÖãÓ�Ö×¬ÖŸÖ ±ãú»ÖÖ¾Ö¸üŸÖß ³ÖÖî̧ êü �ÖÖê»Ö - �ÖÖê»Ö ×±ú¸üŸÖ †ÃÖŸÖÖ­ÖÖ  ×¤üÃÖ»Öê Æêü ¥üÂµÖ ²Ö‘Öã­Ö ŸÖß ´Öã»Öê 
†Ö­ÖÓ¤üßŸÖ —ÖÖ»Öê †Ö×�Ö ŸµÖÖ ³ÖÖî·µÖÖ¯ÖḮ ÖÖ�Öê �ÖÖê»Ö - �ÖÖê»Ö �ú›êü �ú¹ý­Ö ­ÖÖ“ÖÖµÖ»ÖÖ »ÖÖ�Ö»Öê ŸµÖÖŸÖã­Ö“Ö †Ö×¤ü¾ÖÖÃÖß �ÖÖë›ü ÃÖ´ÖÖ•ÖÖ´Ö¬µÖê �ÖÖë›üß ­ÖéŸµÖ �ú¸ü�µÖÖ“Öß 
¯Ö¸Óü¯Ö ü̧Ö ×­Ö´ÖÖÔ�Ö —ÖÖ»Öß.  10 †Ö•ÖÆüß †Ö×¤ü¾ÖÖÃÖß ÆüÖŸÖÖŸÖ ÆüÖŸÖ ‘ÖÖ»Öã­Ö �ÖÖê»Ö  �ú›êü �ú¹ý­Ö ÃÖ´ÖãÆüÖ­Öê ­ÖéŸµÖ �ú¸üŸÖÖŸÖ. †Ö×¤ü¾ÖÖÃÖà“µÖÖ »ÖÖê�ú­ÖéŸµÖÖ­ÖÖ ¯ÖÏÖ“Öß­Ö 
‡×ŸÖÆüÖÃÖ †ÖÆêü. ŸµÖÖ´Öãôêû †³µÖÖÃÖ� , ÃÖÓ¿ÖÖê¬Ö�ú ¾Ö –ÖÖ­Öß ¯ÖµÖÔ™ü�úÖÓ­ÖÖ †¿ÖÖ ¯ÖµÖÔ™ü�ÖÖÓ“µÖÖ ×šü�úÖ�Öß •ÖÖ�Öê †Ö¾Ö›üŸÖê. †ÃÖê ¯ÖµÖÔ™ü�ú †Ö×¤ü¾ÖÖÃÖß ³ÖÖ�ÖÖ´Ö¬µÖê 
†Ö×¤ü¾ÖÖÃÖà“µÖÖ ÃÖÓÃ�éúŸÖß“Öß ´ÖÖ×ÆüŸÖß ‘Öê�µÖÖÃÖÖšüß Ã£Ö»ÖÖÓŸÖ¸üßŸÖ ÆüÖêŸÖÖŸÖ. †Ö×¤ü¾ÖÖÃÖà“Öß �Öê¡Öê »ÖÖê�úÃÖÓÃ�éúŸÖß­Öê ÃÖ´Öé¬¤ü †ÖÆêüŸÖ. ŸµÖÖ“Ö²Ö¸üÖê²Ö¸ü ×­ÖÃÖ�ÖÔ 
ÃÖÖî¤üµÖÖÔ­ÖêÆüß ­Ö™ü»Öê»Öß †ÖÆêüŸÖ. �ú¸ü�Ö †Ö×¤ü¾ÖÖÃÖß ¤ü·µÖÖ - �ÖÖê·µÖÖ­Öß µÖãŒŸÖ †¿ÖÖ •ÖÓ�Ö»ÖÖŸÖ ¾ÖÖÃŸÖ¾µÖÖ»ÖÖ †ÃÖŸÖÖŸÖ. ŸµÖÖÓ“Öß »ÖÖê�ú­ÖéŸµÖ ×­ÖÃÖ�ÖÔ ÃÖÖî¤üµÖÖÕ­Öß  
µÖãŒŸÖ †¿ÖÖ ¾ÖÖŸÖÖ¾Ö¸ü�ÖÖŸÖ ÃÖÖ¤ü¸ü �ú¸ü�µÖÖŸÖ µÖêŸÖÖŸÖ. ŸµÖÖ“µÖÖ »ÖÖê�ú­ÖéŸµÖÖŸÖ †¸ü�µÖÖŸÖß»Ö —ÖÖ›üÖ“µÖÖ ±úÖÓ¤üµÖÖ, ¯ÖÖ�Öê †Ó�ÖÖ»ÖÖ ²ÖÖÓ¬ÖŸÖÖŸÖ. ›üÖêŒµÖÖ»ÖÖ ´ÖÖȩ̂ ü¯ÖßÃÖê, 
­Ö�ú»Öß “ÖêÆü¸êü, ´Öã�Ö¾Ö™êü ×¾Ö×¿ÖÂ™ü †Ó�Ö×¾Ö�Öê̄ Ö †Ö×�Ö ŸµÖÖ»ÖÖ ÃÖÖ•ÖêÃÖê ÃÖÓ�ÖßŸÖ �úß •µÖÖ ÃÖÓ�ÖßŸÖÖ´Ö¬Öã­Ö ­ÖéŸµÖ �ú¸ü�µÖÖ“Öß †Ö¾Ö›ü ×­Ö´ÖÖÔ�Ö ÆüÖê‡Ô»Ö ‡ŸµÖÖ¤üß ŸÖµÖÖ¸üß 
�ú¹ý­Ö ­ÖéŸµÖ ÃÖÖ¤ü¸ü �ú¸üŸÖÖŸÖ. †Ö×¤ü¾ÖÖÃÖà“µÖÖ »ÖÖê�ú­ÖéŸµÖÖ´Ö¬µÖê ‡“”ãû�ú †ÃÖ�ÖÖ·µÖÖ ¯ÖµÖÔ™ü�úÖÓ­ÖÖÆüß ÃÖÆü³ÖÖ�Öß ÆüÖêŸÖÖ µÖêŸÖê. ŸµÖÖ´Öãôêû ŸµÖÖÓ“µÖÖ »ÖÖê�ú­ÖéŸµÖ ÓÖ“ÖÖ 
¯ÖÏŸµÖ�Ö †Ö­ÖÓ¤ü ‘ÖêŸÖÖ µÖêŸÖÖê. ­ÖéŸµÖÖ´Ö¬µÖê ¯Ö¿Öã- ¯Ö�µÖÖÓ“µÖÖ ­Ö�ú»ÖÖ �ú¸üŸÖÖŸÖ. �úÖê»ÖÖ´Ö †Ö×�Ö Æü»Ö²ÖÖ /Æü»Ö²Öß •Ö´ÖÖŸÖß´Ö¬µÖê ›Óü›üÖ¸ü ­ÖéŸµÖ ¯ÖÏ×ÃÖ¬¤ü †ÖÆêü. µÖÖ 
­ÖéŸµÖÖ´Ö¬µÖê ²ÖÖÓ²Öã †Ö×�Ö �úÖ�Ö¤üÖ“µÖÖ »Ö�Ö¤üµÖÖ¯ÖÖÃÖæ­Ö ¿Öê­ÖÖ ´ÖÖŸÖß“Öê ×´ÖÁÖ­ÖÖ“Öê »Öê̄ Ö »ÖÖ¾Öæ­Ö †Ö×�Ö ŸµÖÖ¾Ö¸ü ¸Óü�Ö ¸Óü�ÖÖê™üß �ú¹ý­Ö ´Öã�Ö¾Ö™êü ŸÖµÖÖ¸ü �ú¸üŸÖÖŸÖ. Æêü 
´Öã�Ö¾Ö™êü ‘ÖÖ»Öã­Ö ›Óü›üÖ¸ü ­ÖéŸµÖ �ú¸üŸÖÖŸÖ. �ÖÖë›ü •Ö´ÖÖŸÖß´Ö¬µÖê �ú´ÖÖÔ, ¸êü»ÖÖ, œêü´ÖÃÖÖ ­ÖéŸµÖ ¯ÖÏ×ÃÖ¬¤ü †ÖÆêüŸÖ. •µÖÖ´Ö¬µÖê ­Ö�ÖÖ¸üÖ, œüÖê»Ö�úß, ²ÖÖÃÖ¸üß, ×™ü¯Ö·µÖÖ ‡ŸµÖÖ¤üß 
¾ÖÖ¤üµÖ ¾ÖÖ•Ö×¾Ö�µÖÖŸÖ  µÖêŸÖÖŸÖ. †Ö×¤ü¾ÖÖÃÖà“Öê •Öß¾Ö­Ö •ÖÓ�Ö»ÖÖ¿Öß ÃÖ²ÖÓ¬ÖßŸÖ †ÃÖŸÖê. ¿ÖêŸÖß, ¯Ö¿Öã̄ ÖÖ»Ö­Ö, •ÖÓ�Ö»ÖÖ¿Öß ÃÖ²ÖÓ¬ÖßŸÖ ¸üÖê•Ö�ÖÖ¸ü, ¾Ö­µÖ ¯ÖÏÖ�µÖÖ“Öß ×¿Ö�úÖ¸ü 
‡ŸµÖÖ¤üß¾Ö¸ü ŸµÖÖÓ“ÖÖ ˆ¤ü¸ü×­Ö¾ÖÖÔÆü “ÖÖ»ÖŸÖÖê. ŸµÖÖ´Öãôêû ×­ÖÃÖ�ÖÔ ¤êü¾ÖŸÖÖÓ­ÖÖ †Ö¯Ö»µÖÖ ­ÖéŸµÖÖ“µÖÖ ´ÖÖ¬µÖ´ÖÖŸÖã­Ö �éúŸÖ–ÖŸÖÖ ¾µÖŒŸÖ �ú¸üŸÖÖŸÖ. †Ö×¤ü¾ÖÖÃÖß 
»ÖÖê�ú­ÖéŸµÖÖ´Ö¬µÖê ÃÖÖ´ÖÖ×•Ö�ú ¥üÛÂ™ü�úÖê­Ö †ÃÖŸÖÖê. ÆüÖ –ÖÖ­Ö ¯ÖµÖÔ™ü�úÖÓ­ÖÖ ŸµÖÖ“µÖÖ »ÖÖê�ú­ÖéŸµÖÖ´Ö¬Öã­Ö ×´ÖôûŸÖÖê. ŸµÖÖ“Ö ²Ö¸üÖê²Ö¸ü ¯ÖµÖÔ™ü�úÖÓ“Öê ´Ö­ÖÖȩ̂ Óü•Ö­ÖÆüß ÆüÖêŸÖ 
†ÃÖŸÖê. –ÖÖ­Ö †Ö×�Ö †Ö­ÖÓ¤ü ×´Öôû¾Öôêû ÆüÖ •ÖÖê ¯ÖµÖÔ™ü�úÖÓ“ÖÖ ˆ§êü¿Ö †ÃÖŸÖÖê ŸÖÖê ˆ§êü¿Ö �Ö·µÖÖ †£ÖÖÔ­Öê †Ö×¤ü¾ÖÖÃÖà“µÖÖ »ÖÖê�ú­ÖéŸµÖÖŸÖã­Ö ÃÖÖ¬µÖ ÆüÖêŸÖÖê. ŸµÖÖ´Öãôêû“Ö 
†Ö×¤ü¾ÖÖÃÖà“Öß »ÖÖê�ú­ÖéŸµÖ ¯ÖÖÆü�µÖÖÃÖÖšüß ¤êü¿Ö - ×¾Ö¤êü¿ÖÖŸÖã­Ö ¯ÖµÖÔ™ü�ú †Ö×¤ü¾ÖÖÃÖß ³ÖÖ�ÖÖ´Ö¬µÖê µÖ êŸÖÖŸÖ.  
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†Ö×¤ü¾ÖÖÃÖß »ÖÖê�ú�ú»ÖÖ †Ö×�Ö ¯ÖµÖÔ™ü­Ö :-  
†Ö×¤ü¾ÖÖÃÖà“µÖÖ »ÖÖê�ú�ú»ÖÖ ŸµÖÖÓ“µÖÖ ÃÖÓÃ�éúŸÖß“ÖÖ“Ö ‹�ú ³ÖÖ�Ö †ÖÆêüŸÖ. ŸµÖÖ´Öãôêû ¯ÖµÖÔ™ü­ÖÖ“µÖÖ ×¾Ö×¾Ö¬Ö ¯ÖÏ�úÖ¸üÖ¯Öî�úß ÃÖÖÓÃ�éúŸÖß�ú ¯ÖµÖÔ™ü­ÖÖ´Ö¬µÖê µÖÖ 

»ÖÖê�ú�ú»ÖÖÓ“ÖÖ ÃÖ´ÖÖ¾Öê¿Ö ÆüÖê‡Ô»Ö. µÖÖ »ÖÖê�ú�ú»ÖÖÓ́ Ö¬Öã­Ö †Ö×¤ü¾ÖÖÃÖà“µÖÖ ÃÖÓÃ�éúŸÖß“Öß ´ÖÖ×ÆüŸÖß ×´ÖôûŸÖê. ×“Ö¡Ö�ú»ÖÖ, »ÖÖê�ú�ÖßŸÖê, »ÖÖê�ú­ÖéŸµÖ µÖÖ »ÖÖê�ú�ú»ÖÖ´Ö¬Öã­Ö 
†Ö×¤ü¾ÖÖÃÖà“Öê ¸üÖÆü�Öß´ÖÖ­Ö, ŸµÖÖÓ“µÖÖ ÃÖ¾Ö‡Ô, ŸµÖÖÓ“ÖÖ ‡×ŸÖÆüÖÃÖ, ¯ÖÏ£ÖÖ, ¯Ö¸Óü¯Ö¸üÖ, ¬ÖÖÙ´Ö�ú �éúŸµÖ †Ö×�Ö ŸµÖÖÓ“µÖÖ •Öß¾Ö­Ö ¯Ö¬¤üŸÖß“Öß ´ÖÖ×ÆüŸÖß ×´ÖôûŸÖê. ÃÖÖÓÃ�éú×ŸÖ�ú 
¯ÖµÖ™Ôü­Ö �êú ´ÖÖ¬µÖ´Ö ÃÖê ¯ÖµÖÔ™ü�úÖë �úÖê ÃÖ´²ÖÛ­¬ÖŸÖ ¤êü¿Ö �úß ÃÖÓÃ�éúŸÖß �êú ²ÖÖ¸êü ´Öê ¯ÖŸÖÖ “Ö»ÖŸÖÖ Æîü… ÃÖÓÃ�éúŸÖß Æüß ¾ÖÆü ´ÖÖ¬µÖ´Ö Æîü, ×•ÖÃÖÃÖê ×�úÃÖß ¤êü¿Ö µÖÖ Ã£ÖÖ­Ö 
�úß ´ÖÆüÖ­ÖŸÖÖ �úÖ ¯ÖŸÖÖ “Ö»ÖŸÖÖ Æîü… 11 ´Æü�Öã­Ö ×•Ö–ÖÖÃÖã ¯ÖµÖÔ™ü�ú †¿ÖÖ ÃÖÓÃ�éúŸÖß“Öß ×­Ö¾Ö›ü �ú¸üŸÖÖŸÖ •Öß ÃÖÓÃ�éúŸÖß ¯ÖÏ“Ö×»ÖŸÖ ÃÖÓÃ�éúŸÖß¯Öê�ÖÖ ×³Ö®Ö †ÖÆêü, †Ö×�Ö 
ŸµÖÖ ÃÖÓÃ�éúŸÖß»ÖÖ ‹ê×ŸÖÆüÖ×ÃÖ�ú ¯Ö¸Óü¯Ö ü̧Ö †ÖÆêü. ³ÖÖ¸üŸÖÖŸÖß»Ö †Ö×¤ü¾ÖÖÃÖà“µÖÖ »ÖÖê�úÃÖÓÃ�éúŸÖß»ÖÖ Ø�ú¾ÖÖ »ÖÖê�ú�ú»ÖÖÓ­ÖÖ ÆüÖ ÃÖ´Öé¬¤ü ‹ê×ŸÖÆüÖ×ÃÖ�ú ¾ÖÖ¸üÃÖÖ »ÖÖ³Ö»Öê»ÖÖ 
†ÖÆêü. ŸµÖÖ“Ö²Ö¸üÖê²Ö¸ü ‡ŸÖ ü̧ ÃÖÓÃ�éúŸµÖÖ¯Öê�ÖÖ †Ö×¤ü¾ÖÖÃÖß ÃÖÓÃ�éúŸÖß ×³Ö®Ö †ÖÆêü. ŸµÖÖ´Öãôêû ¯ÖµÖÔ™ü�ú ³ÖÖ¸üŸÖÖ“µÖÖ †Ö×¤ü¾ÖÖÃÖß ³ÖÖ�ÖÖŸÖß»Ö Æüß »ÖÖê�úÃÖÓÃ�éúŸÖß 
¯ÖÖÆü�µÖÖÃÖÖšüß µÖêŸÖÖŸÖ. ŸµÖÖ´Öãôêû ³ÖÖ¸üŸÖßµÖ ¯ÖµÖÔ™ü­ÖÖ“ÖÖ ×¾Ö�úÖÃÖ ‘Ö›æü­Ö µÖêŸÖÖê.  †Ö•Ö ¯ÖµÖÔ™ü­ÖÖ“Öê Ã¾Ö¹ý¯Ö ¾µÖÖ¾ÖÃÖÖµÖß�ú ²Ö­Ö»Öê»Öê †ÖÆêü. ŸµÖÖ´Ö¬µÖê ‹ê×ŸÖÆüÖ×ÃÖ�ú 
Ã£Öôêû, ³ÖÖî�ÖÖê×»Ö�ú Ã£Öôêû, ¬ÖÖÙ´Ö�ú Ã£Öôêû ‡ŸµÖÖ¤üß²Ö¸üÖê²Ö¸ü »ÖÖê�ú�ú»ÖÖÓ“µÖÖ Ã¾Ö¹ý¯ÖÖŸÖß»Ö †Ö×¤ü¾ÖÖÃÖà“µÖÖ »ÖÖê�úÃÖÓÃ�éúŸÖß“ÖêÆüß µÖÖê�Ö¤üÖ­Ö †ÖÆêü. ¯ÖµÖÔ™ü­ÖÖ´Öãôêû 
†­Öê�ú ¾µÖ¾ÖÃÖÖµÖ ×¾Ö�úÃÖßŸÖ ÆüÖêŸÖÖŸÖ ™Òòü¾Æü»Öà�Ö, ÆüÖò™êü»Ö, †­Öê�ú �ú»ÖÖ�ãú¿Ö¸üß“µÖÖ ¾ÖÃŸÖã, �ÖÖ¤üµÖ ¾ÖÃŸÖã, ‡ŸµÖÖ¤üß“µÖÖ ×¾Ö�Îúß»ÖÖ ¾Öê�Ö †Ö»ÖÖ. ¯ÖµÖÔ™ü­Ö 
´ÖÖ�ÖÔ¤ü¿ÖÔ�úÖÓ­ÖÖ ¸üÖê•Ö�ÖÖ¸ü ×´ÖôûÖ»ÖÖ. ¯ÖµÖÔ™ü­ÖÖÃÖÖšüß ×­Ö´ÖÖÔ�Ö �ú¸ü�µÖÖŸÖ †Ö»Öê»µÖÖ ¯ÖµÖÔ™ü­Ö ×¾Ö³ÖÖ�ÖÖ“ÖÖ ×¾Ö�úÖÃÖ ÆüÖê¾Öæ­Ö ŸµÖÖ“µÖÖ †­Öê�ú ¿ÖÖ�ÖÖ ³ÖÖ¸üŸÖÖŸÖ †Ö×�Ö 
¯Ö¸ü¤êü¿ÖÖ´Ö¬µÖê ×­Ö´ÖÖÔ�Ö  —ÖÖ»µÖÖ. ³ÖÖ¸üŸÖ ÃÖ¸ü�úÖ¸ü»ÖÖ ¯ÖµÖÔ™ü­ÖÖŸÖã­Ö ¯ÖîÃÖÖ ×´Öôæû »ÖÖ�Ö»ÖÖ. ×¾Ö¤êü¿Öß ¯ÖµÖÔ™ü�ú ³ÖÖ¸üŸÖÖ´Ö¬µÖê ¯ÖµÖÔ™ü­Ö �ú¸ü�µÖÖÃÖÖšüß µÖê¾Öæ »ÖÖ�Ö»µÖÖ´Öãôêû 
×¾Ö¤êü¿Öß “Ö»Ö­Ö ³ÖÖ¸üŸÖ ÃÖ¸ü�úÖ¸ü»ÖÖ ×´Öôæû »ÖÖ�Ö»Öê. •µÖÖ´Öãôêû �úÖê�ÖŸÖßÆüß �ÖãÓŸÖ¾Ö�Öã�ú ­Ö �ú¸üŸÖÖ ×¾Ö¤êü¿Öß “Ö»Ö­ÖÖ“Öß �Ö¸ü•Ö ¯ÖµÖÔ™ü­ÖÖ´Öãôêû ¯Öã�ÖÔ ÆüÖê‰ú »ÖÖ�Ö»Öß †ÖÆêü. 
µÖÖ ÃÖ¾ÖÔ �ÖÖêÂ™üß ³ÖÖ¸üŸÖÖ»ÖÖ ×´Öôû×¾Ö�µÖÖŸÖ †Ö×¤ü¾ÖÖÃÖß »ÖÖê�ú�ú»ÖÖÓ“ÖÖÆüß ´ÖÆüŸŸ¾ÖÖ“ÖÖ ¾ÖÖ™üüÖ †ÖÆêü. »ÖÖê�úÃÖÓÃ�éúŸÖß ¯ÖÖÆü�µÖÖ“Öß †Ö¾Ö›ü †³µÖÖÃÖ�ú ¾Ö –ÖÖ­Öß 
¾µÖŒŸÖß­ÖÖÓ“Ö †ÃÖ»Öß ŸÖ¸üß †Ö×¤ü¾ÖÖÃÖà“Öê �Öê¡Ö ­ÖîÃÖÙ�Ö�ú ×¸üŸµÖÖ ÃÖ´Öé¬¤ü †ÖÆêüŸÖ. ¯ÖµÖÔ™ü�úÖÓ­ÖÖ Ã¾ÖÖ£µÖÖÓ“µÖÖ ¥üÂ™üß�úÖê­ÖÖŸÖæ­Ö ¯ÖµÖÖÔ¾Ö¸ü�ÖÆüß ´ÖÆü¢¾ÖÖ“ÖÖ †ÃÖŸÖÖê, 
†Ö×�Ö †Ö×¤ü¾ÖÖÃÖà“µÖÖ »ÖÖê�ú�ú»ÖÖ´Ö¬Öã­Ö ŸµÖÖÓ­ÖÖ –ÖÖ­Ö †Ö×�Ö †Ö­ÖÓ¤üÆüß ×´ÖôûŸÖ †ÃÖŸÖÖê. ŸµÖÖ´Öãôêû †Ö×¤ü¾ÖÖÃÖß ³ÖÖ�ÖÖ´Ö¬µÖê ¯ÖÏ¾ÖÖÃÖ �ú¸ü�Öê ¯ÖµÖÔ™ü�úÖÓ­ÖÖ †Ö¾Ö›üŸÖ 
†ÃÖŸÖê. ŸµÖÖ ³ÖÖ�ÖÖŸÖß»Ö »ÖÖê�ú�ú»ÖÖ ¾Ö­Ö¸üÖ‡Ô, ¾Ö­µÖ•Öß¾Ö, ŸµÖÖ ³ÖÖ�ÖÖŸÖß»Ö †Ö×¤ü¾ÖÖÃÖà“Öê •Öß¾Ö­Ö ‡ŸµÖÖ¤üà“Öê †™ãüŸÖ ­ÖÖŸÖê ×­Ö´ÖÖÔ�Ö —ÖÖ»Öê»Öê †ÃÖŸÖê Æêü“Ö 
¯ÖµÖÔ™ü�úÖÓ­ÖÖ »Öã³ÖÖ¾Ö­ÖÖ¸êü †ÃÖŸÖê.  

³ÖÖ¸üŸÖ ÃÖ¸ü�úÖ¸ü †Ö×¤ü¾ÖÖÃÖß »ÖÖê�úÃÖÓÃ�éúŸÖß ×™ü�ú¾Öã­Ö šêü¾Ö�µÖÖÃÖÖšüß ¯ÖÏµÖŸ­Ö �ú¸üŸÖê. ŸµÖÖÃÖÖšüß ŸµÖÖÓ“µÖÖ ³ÖÖ�ÖÖ´Ö¬µÖê �ú´ÖßŸÖ - �ú´Öß ÆüÃŸÖ�Öê̄ Ö ÆüÖê‡Ô»Ö 
†ÃÖê �úÖµÖ¤êü �ú¸üŸÖÖ­ÖÖ ×¤üÃÖã­Ö µÖêŸÖê. �úÖ¸ü�Ö †Ö×¤ü¾ÖÖÃÖß �Öê¡Ö ×­ÖÃÖ�ÖÔ ¸ü´µÖ �Öê¡Ö †ÖÆêü. ŸµÖÖŸÖ“Ö †¿ÖÖ ¾ÖÖŸÖÖ¾Ö¸ü�ÖÖŸÖ †ÃÖ�ÖÖ¸üß †Ö×¤ü¾ÖÖÃÖà“Öß ÃÖÓÃ�éúŸÖß ŸµÖÖ 
×šü�úÖ�Öß •ÖÖ�ÖÖ·µÖÖÓ­ÖÖ “Ö�úßŸÖ �ú¹ý­Ö šêü¾ÖŸÖê. ¯ÖÏÖ“Öß­Ö �úÖôûÖ¯ÖÖÃÖã­Ö “ÖÖ»ÖŸÖ †Ö»Öê»Öß  †Ö×¤ü¾ÖÖÃÖß´Ö¬Öß»Ö »ÖÖê�ú�ú»ÖÖÓ“Öß ¯Ö¸Óü¯Ö ü̧Ö ×™ü�ãú­Ö ¸üÆüÖ¾Öß ÆüÖ ³ÖÖ¸üŸÖ 
ÃÖ¸ü�úÖ¸ü“ÖÖ ¥üÂ™üß�úÖê­Ö †ÖÆêü. ŸµÖÖÃÖÖšüß �ÖÏÖ´Öß�Ö Ã£Ö¸üÖ¯ÖÖÃÖã­Ö ŸÖ¸ü ¸üÖÂ™ÒüßµÖ ÃŸÖ¸üÖ¯ÖµÖÕŸÖ ÃÖÖÓÃ�éúŸÖß�ú �úÖµÖÔ�Îú´ÖÖÓ“Öê †ÖµÖÖê•Ö­Ö �ú¹ý­Ö †Ö×¤ü¾ÖÖÃÖà“µÖÖ 
»ÖÖê�úÃÖÓÃ�éúŸÖß“Öê ¯ÖÏ¤ü¿ÖÔ­Ö �ú¸ü�µÖÖŸÖ µÖêŸÖê. ŸµÖÖ´Öãôêü ¤êü¿Ö - ×¾Ö¤êü¿ÖÖŸÖß»Ö ¯ÖµÖÔ™ü�úÖÓ­ÖÖ µÖÖ »ÖÖê�ú�ú»ÖÖÓ“Öß ´ÖÖ×ÆüŸÖß ×´ÖôûŸÖê. ŸµÖÖŸÖã­Ö ³ÖÖ¸üŸÖÖŸÖß»Ö †Ö×¤ü¾ÖÖÃÖà“µÖÖ 
µÖÖ »ÖÖê�ú�ú»ÖÖ ¯ÖÏŸµÖ�Ö ¯ÖÖÆü�µÖÖ“Öß †Ö¾Ö›ü ¯ÖµÖÔ™ü�úÖÓ́ Ö¬µÖê ×­Ö´ÖÖÔ�Ö ÆüÖêŸÖê †Ö×�Ö ¯ÖµÖÔ™ü�ú †Ö×¤ü¾ÖÖÃÖß ³ÖÖ�ÖÖ´Ö¬µÖê µÖêŸÖÖŸÖ. ³ÖÖ¸üŸÖÖŸÖß»Ö ¯ÖµÖÔ™ü­Ö ×¾Ö�úÖÃÖÖ»ÖÖ 
Ã¾ÖÖŸÖÓ¡µÖÖ¯Öã¾Öá“Ö ÃÖã¹ý¾ÖÖŸÖ —ÖÖ»Öê»Öß ÆüÖêŸÖß. ×¾Ö�úÃÖ­Ö×¿Ö»Ö ¤êü¿ÖÖÓ­ÖÖ ¯ÖµÖÔ™ü­ÖÖ“µÖÖ ×¾Ö�úÖÃÖÖ¾Ö¸ü •ÖÖȩ̂ ü ¤üµÖÖ¾ÖÖ »ÖÖ�ÖŸÖÖê. �úÖ¸ü�Ö ŸµÖÖÓ­ÖÖ ×¾Ö�úÃÖßŸÖ ÆüÖê�µÖÖÃÖÖšüß 
¯Ö¸ü�úßµÖ “Ö»Ö­Ö ¯ÖÏÖ¯ŸÖ �ú¸ü�Öê �Ö¸ü•Öê“Öê †ÃÖŸÖê. ŸµÖÖ ²Ö¸üÖê²Ö¸ü †Ö¯Ö»µÖÖ ¤êü¿ÖÖŸÖß»Ö ŸÖ¹ý�ÖÖÓ­ÖÖ ¸üÖê•Ö�ÖÖ¸ü  ˆ¯Ö»Ö²¬Ö �ú¹ý­Ö ¤êü�Öê Æêü ×̂§üÂ™ü †ÃÖŸÖê. ŸµÖÖÃÖÖšüß 
¯ÖµÖÔ™ü­Ö ×¾Ö�úÖÃÖ ÆüÖ ŸµÖÖ¾Ö¸ü“ÖÖ ˆ¢Ö´Ö ˆ¯ÖÖµÖ †ÃÖŸÖÖê Ã¾ÖÖŸÖÓ¡µÖÖ­ÖÓŸÖ¸ü ³ÖÖ¸üŸÖ ÃÖ¸ü�úÖ¸ü­Öê  ×¾Ö�úÖÃÖÖ»ÖÖ �ÖŸÖß ¤êü�µÖÖÃÖÖšüß ‡. ÃÖ. 1967 ´Ö¬µÖê ³ÖÖ¸üŸÖßµÖ ¯ÖµÖÔ™ü­Ö 
¾Ö ­ÖÖ�Ö¸üß Æü¾ÖÖ‡Ô ¾ÖÖÆüŸÖã�ú ´ÖÓ¡ÖÖ»ÖµÖ Ã£ÖÖ¯Ö­Ö �ú¸ü�µÖÖŸÖ †Ö»Öê. ³ÖÖ¸üŸÖßµÖ ¯ÖµÖÔ™ü­Ö ×¾Ö�úÖÃÖ ´ÖÆüÖ´ÖÓ›üôûÖ“Öê †­Öê�ú �ëú¦ü ³ÖÖ¸üŸÖÖ“µÖÖ ×¾Ö×¾Ö¬Ö  ¸üÖ•µÖÖŸÖ ×­Ö´ÖÖÔ�Ö 
�ú¸ü�µÖÖŸÖ †Ö»Öê. ŸµÖÖ ²Ö¸üÖê²Ö¸ü“Ö ‡�»ÖÓ›ü, ±ÏúÖ­ÃÖ, •Ö´ÖÔ­Öß, †´Öê×¸ü�úÖ ‡ŸµÖÖ¤üß ¤êü¿ÖÖ´Ö¬µÖê ³ÖÖ¸üŸÖßµÖ ¯ÖµÖÔ™ü­Ö ×¾Ö�úÖÃÖ ´ÖÆüÖ´ÖÓ›üôûÖ­Öê †Ö¯Ö»Öê �ëú¦ü Ã£ÖÖ¯Ö­Ö �êú»Öê. 
†Ö×¤ü¾ÖÖÃÖà“µÖÖ µÖÖ »ÖÖê�ú�ú»ÖÖÓ“Öê ¯ÖµÖÔ™ü­Ö ×¾Ö�úÖÃÖÖŸÖ ´ÖÆüŸŸ¾Ö »Ö�ÖÖŸÖ ‘Öê¾Öæ­Ö ¯Ö¸ü¤êü¿ÖÖŸÖß»Ö Ã£ÖÖ¯Ö­Ö �ú¸ü�µÖÖŸÖ †Ö»Öê»µÖÖ ¯ÖµÖÔ™ü­Ö �ëú¦üÖŸÖã­Ö ¯Ö¸ü¤êü¿ÖÖŸÖ µÖÖ 
»ÖÖê�ú�ú»ÖÖÓ“ÖÖ ¯ÖÏÃÖÖ¸ü �ú¸ü�µÖÖŸÖ µÖêŸÖÖê. ´ÖÆüÖ¸üÖÂ™Òü ¯ÖµÖÔ™ü­Ö ×¾Ö�úÖÃÖ ´ÖÆüÖ´ÖÓ›üôûÖ“Öß Ã£ÖÖ¯Ö­ÖÖ 1975 ÃÖÖ»Öß —ÖÖ»Öß.  µÖÖ ´ÖÓ›üôûÖ­Öê ´ÖÆüÖ¸üÖÂ™ÒüÖŸÖß»Ö ¯ÖµÖÔ™ü­Ö 
×¾Ö�úÖÃÖÖ»ÖÖ “ÖÖ»Ö­ÖÖ ¤êü�µÖÖÃÖÖšüß ´ÖÆüÖ¸üÖÂ™ÒüÖŸÖß»Ö ¯ÖµÖÔ™ü­ÖßµÖ �Öê¡ÖÖ“µÖÖ •ÖÖÆüß¸üÖŸÖß �ú¸üßŸÖ †ÃÖŸÖê. ŸµÖÖ´Ö¬µÖê ´ÖÆüÖ¸üÖÂ™ÒüÖ“µÖÖ †Ö×¤ü¾ÖÖÃÖß ³ÖÖ�ÖÖŸÖß»Ö �úÖê�ÖŸµÖÖ 
»ÖÖê�ú�ú»ÖÖ ¯ÖÏ×ÃÖ¬¤ü †ÖÆêüŸÖ. ŸµÖÖÓ“Öß ´ÖÖ×ÆüŸÖß ¯ÖµÖÔ™ü�úÖÓ­ÖÖ ¯Öã̧ ü×¾Ö�µÖÖŸÖ ´ÖÆü¢¾ÖÖ“Öê µÖÖê�Ö¤üÖ­Ö ¤êüŸÖê. ´ÖÆüÖ¸üÖÂ™ÒüÖ“µÖÖ ¯ÖµÖÔ™ü­Ö ×¾Ö�úÖÃÖÖŸÖ �úÖê�ú�Ö, ­Ö Ó¤ãü¸ü²ÖÖ¸ü, 
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ABSTRACT 
Over the many years, the oceanic oil spill accidents and most industries worldwide 

discharging immense levels of oil in the surroundings is a serious problem for the 

environment. There is a need to develop technology for oil-water separation because the 

spilled oil affects the ecological and environmental system. Candle soot nanoparticles 

are hydrophobic (water repellent) in nature and has the advantages of cost-effectiveness 

and production scalability over other carbons like graphene, Carbon Nanotubes (CNTs), 

Carbon Nanodots (CNDs), etc. in their synthesis. Candle soot based superhydrophobic 

materials have outstanding water repulsion and oil absorption capacity, highly 

selectivity, chemical inertness and excellent recyclability. In this paper, we discuss 

applications of candle soot based superhydrophobicmaterials applied on sponge and 

mesh substrates for oil-water separation. 

KEYWORDS 
Carbon Nanotubes, Carbon Nanodots. 

…………………………………………………………………………………………. 

1. INTRODUCTION 

The oil spilling and discharge of industrial organic solvents causes several damages 
to water resources and aquatic ecosystems [1-3], which became a global problem 
andneed to solve it urgently to save the ecosystems. A new technology in material 
science has been developed for oil-water separation using superhydrophobic 
nanomaterial. As like the lotus leaf, superhydrophobic surface having water contact 
angle greater than 150° and oil contact angle near 0°[4]. Different chemical methods 
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are used for the fabrication of the superhydrophobic mesh/sponge for efficient oil-
water separation. As the carbon nanoparticles are hydrophobic in nature, it shows 
strong affinity toward oil. At the same time, huge amount of candle soot waste is 
produced. Undoubtedly, it is of great benefit to turn candle soot waste into high value 
oil absorbent materials [5]. The superhydrophobic mesh/sponge exhibited high 
selectivity toward different oil and organic pollutants, fast and efficient oil-water 
separation capability, good repeatability, good reusability, mechanically stable, 
chemically stable and thermally stable [6]. Candle soot-based absorbents 
demonstrate superior efficiency in the removal of oils. However, the high production 
costs of carbon nanotube[7], graphene[8], activated carbon [9], expanded graphite 
[10], etc. So, these absorbents limit their wide adoption at large scale. Candle soot 
(CS) generated from incomplete combustion of paraffin wax has demonstrated the 
advantages of cost effectiveness and production scalability over CNTs, graphene and 
activated carbons in their synthesis [11]. However, candle soot coated 
superhydrophobic materials are the best solution from these. The superhydrophobic 
surfaces on which water achieves water contact angle higher than 150° and sliding 
angle less than 5° are attracting minds of researchers due to their efficient oil-water 
separation abilities [12-14].J. Song et al. [15] fabricated CS-coated mesh by using 
dip-coating method. The cleaned stainless-steel mesh (SSM) was dipped in the glue 
solution for 10 min and then dried at 80°C to obtain the CS-glue coated mesh. The 
CS coating is close packed because of using superglue as a binder. The CS-glue 
coated mesh revealed the separation efficiency higher than 99.95%. Even after 20 
cycle separation tests, it was shown superior reusability and durability. Li et al. [16] 
prepared the hydrophobic CS by incomplete combustion of hydrocarbons from the 
middle of candle flame. The PU sponge dipped in the solution of CS, SiO2 and PU 
resin to achieve stable superhydrophobicity.The CS-SiO2-PU sponge showed 
excellent oil-water separation efficiency. The CS-SiO2-PU sponge was also shown 
superior separation efficiency from hot water, acidic solutions, alkaline solutions and 
salt solutions. Zulfiqar et al. [17] deposited cheaply available sawdust on 
polychloroprene adhesive-coated stainless-steel mesh with deposition of silicone 
polymer by using dip-coating method. Then, a thin layer of CS particle was applied 
on the prepared stainless-steel mesh by simply holding it above a candle flame. The 
CS particles get uniformly deposited on silicone covered sawdust which exhibited 
highly rough and porous morphology required for superhydrophobicity. It showed 
excellent oil-water separation efficiency greater than 95% whichshowed its 
recyclability, reusability and mechanical stability. In this article, we will mostly 
discuss on the simple, low-cost, rapid and innovative methods for the fabrication of 
superhydrophobic/superoleophilic CS coated sponges/meshes for efficient oil-water 
separation application. 
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weight which can be shown that the evaluation of the mass based on absorption 
capacity. The absorption capacity based on density, viscosity and surface tension of 
the absorbed liquids. This superhydrophobic sponge shows highly recyclability. The 
experiments demonstrate that the sponge can absorb the oil more than 30 cyclic 
applications without any significant change in the absorption. This method shows the 
benefits of easy preparation using natural soot source, better performance, oil 
absorption in a very short time in comparison with previous works [19].  

 

 

Figure-2. Schematic illustration of preparation of modified polyurethane sponge 

and oil separation process. Images reprinted from [19], with permission from 

Elsevier, Copyright 2017. 

2.1.3 Durable PVDF/CS sponge 

The superhydrophobic surface was fabricated by using PVDF and candle soot via 
sugar template method. It was shown the water contact angle of 158.30 and roll on 
angle of 6.70. The oil quickly absorbed by superhydrophobic sponge which can be 
shows the superoleophilic property of superhydrophobic sponge. The solar value of 
candle soot is up to 99.4% which shows excellent light absorbing property. The 
sponge shows excellent oil-water separation property even after 25 cycles without 
destroying the sponge. The strong elasticity & high stretch resistance confirms that 
the modified superhydrophobic surface is highly mechanical durable. The modified 
sponge maintains the 89% of recovery rate even after 10 cycles. The absorption 
capability recovered up to 96% without obvious change of morphology of the sponge 
surface. This method was used to prepare a photothermal & porous PVDF/CS sponge 
with structural, chemical and mechanical property. It was shown high photothermal 
property. 
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Figure-3. Schematic illustration of the fabrication of porous PVDF/candle soot sponge using 

sugar template. Images reprinted from [20], with permission from Elsevier, Copyright 2021. 

2.2 Oil-water separation using superhydrophobic-superoleophilic meshes 

2.2.1 Superhydrophobic SiO2/Carbon mesh 

The candle soot was collected on the surface of stainless-steel mesh by placing the 
mesh above the wick of candle. Then by using chemical vapour deposition method 
the SiO2/carbon layer deposited on stainless steel mesh. Modify this mesh by using 
PFOTS and PDDA-PFO respectively to form the superhydrophobic and 
superoleophilic mesh membrane. This modified superhydrophobic stainless steel 
mesh exhibits excellent repellence for all the tested strong acids, strong bases and 
saturated salts, indicating a good stability of modified mesh under a series of hard 
environment. The separation efficiencies obtained repeatedly even after 15 cycles 
without any noticeable deterioration. Both superhydrophobic and superoleophilic 
modified stainless steel mesh membranes shows stability, durability and reusability. 
The SiO2/Carbon modified stainless steel mesh indicates good material for treating 
real oil-polluted water in different practical applications as well as in oil spill clean-
up. This method shows higher performance, oil-water separation in a short time and 
repeatedly in comparison with earlier works [20]. 

 

Figure-4. Process of superhydrophobic and oleophobic mesh membranes 

preparation: (a) coating stainless steel mesh with carbon nanoparticle (candle 
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soot), (b) carbon nanoparticle coated stainless steel mesh, (c) SiO2/carbon 

stainless steel mesh, (d) PFOTS modified SiO2/carbon stainless steel mesh, (e) 

PDDA–PFO modified SiO2/carbon stainless steel mesh. Images reprinted from 

[21], with permission from Royal Society of Chemistry, Copyright 2017. 

2.2.2 Durable PDMS-CS based superhydrophobic mesh 

The candle soot was deposited on stainless steel mesh by simply placed above the 
candle flame for 15 sec. Then this CS coated stainless steel mesh was dipped in 
solution of PDMS & Xylene for 10 min by using immersion method. After that same 
process will be carried out for deposition of candle soot on this modified stainless-
steel mesh was prepared.  It was shows 1560 water contact angle & nearly 00 oil 
contact angle. Also, it was shown 30 sliding angles. It was shows higher water 
contact angle even after 10 times tests of oil-water separation. The oil-water 
separation efficiency was nearly 91% by using this modified superhydrophobic 
stainless steel mesh. It exhibits high thermal stability, good corrosion resistance and 
reusability. It was modified though combine mesh & polymer foam the composite 
adsorbent material successfully separate the oil from water via magnet drive method. 
This modified method was very useful than other research work. So, it was very 
useful than any other works [21]. 

 

 

Figure-5. a) Schematic for the preparation process of composite adsorbent 

material (CAM) from the SH-M square boat and polymer foam, as well as its 

application of magnet drive for oil/water separation; b) SH-M square boat 

immersion in water by force; c–e) picture of the magnet drive CAM oil 

adsorption process. Images reprinted from [22], with permission from Progress 

in Organic Coatings, Copyright 2019. 

2.2.3 CS templated superhydrophobic silica coating on SS mesh 

The superhydrophobic coating was prepared through placing the cleaned substrate 
over candle flame until a few microns thick layer of candle soot deposited on 
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stainless steel mesh. The candle soot coated substrate together with SiCl4 was placed 
in a drier for chemical vapour deposition. Then, though calcination at 600 °C for half 
in air, CS composed NPs thermally degraded and diffused through the silica shell 
gradually. It was shows highly oil-water separation efficiency even after 30 times 
cycle separation superhydrophobic surface remained. The superhydrophobic coating 
revealed excellent separation efficiency even after 6 times reuses of same 
superhydrophobic material. It could be potentially used in optical and visual 
application scenarios where in harsh & oily environments, like goggles, building 
façade, visual oil-water separation device & touch screen, etc. Among the all-other 
research work it shows tremendous oil-water separation properties [22].  

 

 

Figure-6. Schematic of preparation and properties of the transparent and 

robust superhydrophobic coating and oil–water separation. Images reprinted 

from [23], with permission from Nature, Copyright 2022. 

 

3.CONCLUSION 

As this review highlights, candle soot nanoparticles are unique in that, their 
fabrication requires little control of external parameters. It is very economical 
beneficial, facile and straightforward to synthesize. Candle soot coated sponge/mesh 
for use in oil-water separation has been developed by using CS-nanoparticles and 
different polymers. The candle soot synthesis, candle soot coated sponge/mesh 
preparation,proceduresare simple, cost-effective and scalable. The 
absorption/separation investigation demonstrates that, the candle soot sponge/mesh is 
highly efficient and stable in absorbing a wide range of oil and organic solvents. It 
can be believed that, the candle soot coated superhydrophobic materials are very 
useful for oil-water separation. It shows various tremendous results with candle soot-
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polymer composite in various mechanical conditions. A candle soot nanoparticle 
shows significant surface area to volume ratio, high electronic and ionic 
conductivity. Candle soot is produced by simply burning of candles and hence, it is 
ecofriendly, economical and useful. Candle soot coated sponge/mesh can show 
stability, durability, reusability and reproducibility. 
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Abstract

Special wetting materials have been used for the oil and water separation due to their different interfacial attraction of

oil and water. Herein, we successfully fabricated superhydrophobic coatings on stainless steel (SS) mesh by depositing

successive layers of polystyrene (PS) and octadecyltrichlorosilane (OTS) through the dip-coating method. The as-

prepared coating showed a water contact angle (WCA) of 157.5 ± 2°, a rolling angle of 6 ± 2° and an oil contact angle

(OCA) of around 0°. The surface microstructure analysis of the coating revealed a regular pattern of microscale bumps

with nanoscale folds on it, both of which improve the overall superhydrophobicity of the surface. The capacity of

coatings to separate oil and water was examined by employing a variety of mixtures of oil and water, including petrol,

diesel, kerosene, vegetable oil, and coconut oil. In case of low viscosity oil, the coated mesh demonstrated separation

effectiveness of more than 97% and on the other hand, high viscosity oil demonstrated just 89% efficiency. Low

viscosity oils showed a greater permeation flux through the mesh than extremely viscous oil. The mechanical strength

of the coating was examined using bending, twisting, adhesive tape testing, sandpaper abrasion tests, and the findings

indicated that coated mesh had exceptional mechanical resilience. In addition, the developed superhydrophobic mesh

demonstrated excellent thermal stability and self-cleaning properties. Therefore, this

superhydrophobic/superoleophilic mesh has a significant deal of application potential in practical.
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Introduction

Oil spills and industrial effluents inflict significant harm to the ecosystems of the seas, human health, and the

surrounding environment [1], [2]. The safe and responsible disposal of wastewater containing oil has been shown to be

a challenging problem on a global scale. Many approaches have been used for the treatment of oil-water pollution,

including oil skimmers, filtration, oil-absorbing materials, magnetic separations, centrifugal machine, flotation

technologies, and combustion [3], [4], [5]. Traditional methods have various drawbacks, including limited separation

efficiency, time consumption, cost-effectiveness, and the generation of secondary pollutants [6], [7], [8]. Therefore,

cutting-edge technologies are an absolute necessity for the disposal of oily wastewater and the protection of the

environment. Many efforts have been reported in the fabrication of separation membranes with controlled surface

wetting property [9], [10]. The utilization of bio-inspired superhydrophobic materials in oil-water separation processes

is a popular area of study due to its high water repellency and ability to allow oil to enter in it [4], [11], [12]. Therefore,

superhydrophobic materials have been added to commercially available cotton textiles, 3D porous materials, different

polymer membranes, filter papers, and metal meshes for considerable oil-water separation [13], [14]. Chemical etching

[15], [16], spray deposition [17], [18], dip coating [19], hydrothermal method [20], sol-gel processing [21], [22],

chemical vapor deposition [23], electrospinning [24], [25], and layer by layer [26] methods have been used for

modification of porous surfaces. Among these, dip-coating is a quick and effective method of producing bulky,

intricately formed products [27]. Metal meshes have sparked a lot of attention since they are long-lasting, reusable, and

may be used in industry [2], [23]. Porous materials can absorb or filter liquids, and when their surface structure is

adjusted with a specific wettability material, they can help separate oil or water from oil-water mixtures [28], [29].

Numerous types of porous metal meshes, including those constructed of nickel, copper, and stainless steel (SS), among

other materials were used for oil-water separation [30], [31], [32], [33]. Among them, SS meshes have found

widespread use for oil-water separation owing to their high electrical and electrothermal capabilities as well as their

superior resistance to thermal shock [33].

OTS has been used to tune the surface wettability of porous substrates so that oil and water can be effectively

separated. The OTS has low surface energy, hence it improves the hydrophobicity of the rough surface and also shows

high oil absorption capacity [35], [36]. Li et al. [34] recently made superhydrophobic SS mesh by spraying it with a

mixture of OTS-modified SiO  nanoparticles and waterborne PU. This superhydrophobic mesh was able to separate a

mixture of kerosene and water at a rate of 98.3%. Latthe et al. [27] created a superhydrophobic surface by varying the

concentration of OTS in PS solution and the number of dipping cycles. At first, they prepared a homogenous solution

containing PS and OTS using tetrahydrofuran (THF) as a solvent. The pre-cleaned glass substrate was dip-coated (4

times) on the homogenous solution and air-dried to get a superhydrophobic surface with a contact angle of 154 ± 2°. Ke

et al. [37] have built a superhydrophobic and superoleophilic sponge by immersing it in OTS solution. This kind of

sponge has shown an absorption capacity of 42–68 times more than the mass of the sponge for toluene, light oil, and

2
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methyl silicone oil. Even after being put through 50 separation cycles, this adsorption capacity remained the same.

Liang et al. [38] modified a polyurethane sponge by immersing in an OTS solution for oil-water separation. Cheng et al.

[24] used coaxial electrospinning with PVDF solution as a lumen solution and reactive silicon-containing monomers as

the outer solution to generate superhydrophobic nanofiber membranes with hierarchical micro nano-scale

morphology. The outstanding separation efficiency of 99.6% is achieved with the as-prepared asymmetric composite

membrane, which has an extremely rapid permeation flux. They show a water-in-n-octane permeation flux of

17331 L/(m h) and retain 88% of their original permeance after 20 cycles of operation [24]. Rasouli et al. [13] briefly

reviewed the various aspects of fabrication of superhydrophobic/superoleophilic membranes having mesh, films, and

porous substrates for efficient oil-water separation applications. In order to modify the surface energy of

superhydrophobic/superoleophilic membranes, it is usual practice to use low surface energy chemicals such as fatty

acids, thiols, silanes, polymers based on polyethylene, and carbon nanotubes [13]. These membranes have > 99% oil

separation efficiency in oil-water combinations.

In this research work, a layer of PS was first applied on SS mesh using a dip coating process, followed by an OTS dip

layer to achieve superhydrophobicity. The dip coating cycles were consequently carried out by dip and dry in both PS in

THF and OTS in hexane. The surface structure of a red rose petal was obtained on SS mesh. SEM and EDS were used to

describe the surface morphology and chemical composition, respectively. The gravity-driven oil-water separation

technique was used to determine the oil-water separation efficiency and permeation flux using a custom-made setup.

The mechanical durability of superhydrophobic mesh was evaluated using adhesive tape tests, sandpaper abrasion

tests, bending, twisting, and folding tests. We have achieved the contact angles of 157.5 ± 2° for OPS-2 as well as 154 ± 2°

for OPS-3 in superhydrophobic range and a comparable contact angle of 148.5 ± 2° for OPS-1. The stable and robust self-

cleaning coating was produced by this method as compared with the reported methods.

Section snippets

Materials

Polystyrene (PS) having average molecular weight ∼ 280,000 and octadecyltrichlorosilane (OTS) were obtained from

Sigma Aldrich, St. Louis, MO, USA. Tetrahydrofuran (THF) and hexane were purchased from Spectrochem, Mumbai,

India. Stainless steel (SS) mesh with pore sizes of about 50 µm was obtained from Shanghai Titan Technology Co. Ltd.

China. The petrol, diesel, kerosene (from Bharat Petroleum Corporation Limited, India), vegetable oil (from Garud,

India), and coconut oil (from Parachute…

Surface morphology and chemical composition

Fig. 2(a-f) depicts the surface morphology of meshes after being treated with varying doses of OTS. At low OTS

concentrations, ten successive coating layers of PS and OTS create a rougher surface with nanoscale folds, as seen in

Fig. 2(a). The enlarged view shows that there is a regular micro and nanoscale rough texture, which is essential for

improving hydrophobicity and can be observed in Fig. 2(d). Surprisingly, regular shaped bumps emerged after raising

the OTS concentration by twofold, as…

Conclusions

In conclusion, we have successfully fabricated superhydrophobic and superoleophilic SS mesh by depositing

consecutive layers of polystyrene (PS) and octadecyltrichlorosilane (OTS) using an easy and inexpensive dip coating

method. This allowed us to create a superhydrophobic and superoleophilic surface on the SS mesh. The WCA of 157.5 ± 

2
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2°, the OCA of about 0°, and the rolling angle of 6 ± 2° were all attained by adjusting the concentration of OTS in

successive layered deposition. The…
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Abstract: Azodyes widely used in textile industries are toxic to life. Dye degradation using microorganism 
gained more attention due to cost effectiveness and eco-friendly. There is need to investigate more 
indigenous species. In the present study the filamentous cyanobacteria Hapalosiphon vulgaris was examined 
for its degrading ability of azodyes Methyl Orange, Tartrazine Yellow, Scarlet Red, Reactive Black 5 and 
Sudan III.  The axenic culture of Hapalosiphon was inoculated with various concentrations of dyes (5, 10 
and 20 ppm) and incubated for 3, 5 and 7 days. Dye degradation was based on initial dye concentration. The 
maximum decolorization was observed in Scarlet red and Sudan III 92.5% and 82.02% respectively after 7 
days of incubation. Azoreducase enzyme in algae responsible for degradation of azodyes into aromatic 
amines. Maximum azoreductase activity 6.02 Umg-1 protein was observed for scarlet red. Influence of azo 
dyes on Chlorophyll a and b content and Phycobilin Proteins was also examined. The degradation product 
after decolourization was confirmed and identified by spectroscopic analysis and Fourier transformed 
infrared spectroscopic analysis. 
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Abstract: A novel superhydrophobic candle soot-wax composite coated surfaces for oil-water separation 
was fabricated via a facile two-step strategy. The decomposition of candle soot on the surface and then it 
was fixed via deposition of wax on CS-coated surfaces. The candle soot was synthesized by paraffin candle 
combustion flame. The CS-coated surface was prepared by via the dip-coating method without further 
surface modification and pre-treatments. Candle soot was firmly immobilized on the wax skeleton 
constructing a nanoscale rough surface with superhydrophobicity. The coated surfaces exhibit 
superhydrophobicity with a water contact angle of > 150° and a sliding angle of nearly 0°. The thermal 
stability, pH tolerance, compression tolerance, chemical durability, reusability, emulsion oil-water 
separation, and muddy water-oil separation was tested by using these superhydrophobic surfaces. The 
superhydrophobic surfaces have a sustainable, anti-wetting property under cross-sectional cutting, pressing, 
paper peel test, abrasion resistance test, and different pH environments. The superhydrophobic surface is 
suitable for practical application on a large scale. The simple CS-wax coating method can be applied to 
various surfaces, such as stainless steel and polyurethane sponges. These research results show evidence that 
the CS-wax-coated surface is promising in environmental remediation for large-scale, low-cost, removal of 
oil spills from water. 
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for its degrading ability of azodyes Methyl Orange, Tartrazine Yellow, Scarlet Red, Reactive Black 5 and 
Sudan III.  The axenic culture of Hapalosiphon was inoculated with various concentrations of dyes (5, 10 
and 20 ppm) and incubated for 3, 5 and 7 days. Dye degradation was based on initial dye concentration. The 
maximum decolorization was observed in Scarlet red and Sudan III 92.5% and 82.02% respectively after 7 
days of incubation. Azoreducase enzyme in algae responsible for degradation of azodyes into aromatic 
amines. Maximum azoreductase activity 6.02 Umg-1 protein was observed for scarlet red. Influence of azo 
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was fixed via deposition of wax on CS-coated surfaces. The candle soot was synthesized by paraffin candle 
combustion flame. The CS-coated surface was prepared by via the dip-coating method without further 
surface modification and pre-treatments. Candle soot was firmly immobilized on the wax skeleton 
constructing a nanoscale rough surface with superhydrophobicity. The coated surfaces exhibit 
superhydrophobicity with a water contact angle of > 150° and a sliding angle of nearly 0°. The thermal 
stability, pH tolerance, compression tolerance, chemical durability, reusability, emulsion oil-water 
separation, and muddy water-oil separation was tested by using these superhydrophobic surfaces. The 
superhydrophobic surfaces have a sustainable, anti-wetting property under cross-sectional cutting, pressing, 
paper peel test, abrasion resistance test, and different pH environments. The superhydrophobic surface is 
suitable for practical application on a large scale. The simple CS-wax coating method can be applied to 
various surfaces, such as stainless steel and polyurethane sponges. These research results show evidence that 
the CS-wax-coated surface is promising in environmental remediation for large-scale, low-cost, removal of 
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ABSTRACT 
Over the many years, the oceanic oil spill accidents and most industries worldwide 

discharging immense levels of oil in the surroundings is a serious problem for the 

environment. There is a need to develop technology for oil-water separation because the 

spilled oil affects the ecological and environmental system. Candle soot nanoparticles 

are hydrophobic (water repellent) in nature and has the advantages of cost-effectiveness 

and production scalability over other carbons like graphene, Carbon Nanotubes (CNTs), 

Carbon Nanodots (CNDs), etc. in their synthesis. Candle soot based superhydrophobic 

materials have outstanding water repulsion and oil absorption capacity, highly 

selectivity, chemical inertness and excellent recyclability. In this paper, we discuss 

applications of candle soot based superhydrophobicmaterials applied on sponge and 

mesh substrates for oil-water separation. 

KEYWORDS 
Carbon Nanotubes, Carbon Nanodots. 

…………………………………………………………………………………………. 

1. INTRODUCTION 

The oil spilling and discharge of industrial organic solvents causes several damages 
to water resources and aquatic ecosystems [1-3], which became a global problem 
andneed to solve it urgently to save the ecosystems. A new technology in material 
science has been developed for oil-water separation using superhydrophobic 
nanomaterial. As like the lotus leaf, superhydrophobic surface having water contact 
angle greater than 150° and oil contact angle near 0°[4]. Different chemical methods 
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are used for the fabrication of the superhydrophobic mesh/sponge for efficient oil-
water separation. As the carbon nanoparticles are hydrophobic in nature, it shows 
strong affinity toward oil. At the same time, huge amount of candle soot waste is 
produced. Undoubtedly, it is of great benefit to turn candle soot waste into high value 
oil absorbent materials [5]. The superhydrophobic mesh/sponge exhibited high 
selectivity toward different oil and organic pollutants, fast and efficient oil-water 
separation capability, good repeatability, good reusability, mechanically stable, 
chemically stable and thermally stable [6]. Candle soot-based absorbents 
demonstrate superior efficiency in the removal of oils. However, the high production 
costs of carbon nanotube[7], graphene[8], activated carbon [9], expanded graphite 
[10], etc. So, these absorbents limit their wide adoption at large scale. Candle soot 
(CS) generated from incomplete combustion of paraffin wax has demonstrated the 
advantages of cost effectiveness and production scalability over CNTs, graphene and 
activated carbons in their synthesis [11]. However, candle soot coated 
superhydrophobic materials are the best solution from these. The superhydrophobic 
surfaces on which water achieves water contact angle higher than 150° and sliding 
angle less than 5° are attracting minds of researchers due to their efficient oil-water 
separation abilities [12-14].J. Song et al. [15] fabricated CS-coated mesh by using 
dip-coating method. The cleaned stainless-steel mesh (SSM) was dipped in the glue 
solution for 10 min and then dried at 80°C to obtain the CS-glue coated mesh. The 
CS coating is close packed because of using superglue as a binder. The CS-glue 
coated mesh revealed the separation efficiency higher than 99.95%. Even after 20 
cycle separation tests, it was shown superior reusability and durability. Li et al. [16] 
prepared the hydrophobic CS by incomplete combustion of hydrocarbons from the 
middle of candle flame. The PU sponge dipped in the solution of CS, SiO2 and PU 
resin to achieve stable superhydrophobicity.The CS-SiO2-PU sponge showed 
excellent oil-water separation efficiency. The CS-SiO2-PU sponge was also shown 
superior separation efficiency from hot water, acidic solutions, alkaline solutions and 
salt solutions. Zulfiqar et al. [17] deposited cheaply available sawdust on 
polychloroprene adhesive-coated stainless-steel mesh with deposition of silicone 
polymer by using dip-coating method. Then, a thin layer of CS particle was applied 
on the prepared stainless-steel mesh by simply holding it above a candle flame. The 
CS particles get uniformly deposited on silicone covered sawdust which exhibited 
highly rough and porous morphology required for superhydrophobicity. It showed 
excellent oil-water separation efficiency greater than 95% whichshowed its 
recyclability, reusability and mechanical stability. In this article, we will mostly 
discuss on the simple, low-cost, rapid and innovative methods for the fabrication of 
superhydrophobic/superoleophilic CS coated sponges/meshes for efficient oil-water 
separation application. 
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weight which can be shown that the evaluation of the mass based on absorption 
capacity. The absorption capacity based on density, viscosity and surface tension of 
the absorbed liquids. This superhydrophobic sponge shows highly recyclability. The 
experiments demonstrate that the sponge can absorb the oil more than 30 cyclic 
applications without any significant change in the absorption. This method shows the 
benefits of easy preparation using natural soot source, better performance, oil 
absorption in a very short time in comparison with previous works [19].  

 

 

Figure-2. Schematic illustration of preparation of modified polyurethane sponge 

and oil separation process. Images reprinted from [19], with permission from 

Elsevier, Copyright 2017. 

2.1.3 Durable PVDF/CS sponge 

The superhydrophobic surface was fabricated by using PVDF and candle soot via 
sugar template method. It was shown the water contact angle of 158.30 and roll on 
angle of 6.70. The oil quickly absorbed by superhydrophobic sponge which can be 
shows the superoleophilic property of superhydrophobic sponge. The solar value of 
candle soot is up to 99.4% which shows excellent light absorbing property. The 
sponge shows excellent oil-water separation property even after 25 cycles without 
destroying the sponge. The strong elasticity & high stretch resistance confirms that 
the modified superhydrophobic surface is highly mechanical durable. The modified 
sponge maintains the 89% of recovery rate even after 10 cycles. The absorption 
capability recovered up to 96% without obvious change of morphology of the sponge 
surface. This method was used to prepare a photothermal & porous PVDF/CS sponge 
with structural, chemical and mechanical property. It was shown high photothermal 
property. 
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Figure-3. Schematic illustration of the fabrication of porous PVDF/candle soot sponge using 

sugar template. Images reprinted from [20], with permission from Elsevier, Copyright 2021. 

2.2 Oil-water separation using superhydrophobic-superoleophilic meshes 

2.2.1 Superhydrophobic SiO2/Carbon mesh 

The candle soot was collected on the surface of stainless-steel mesh by placing the 
mesh above the wick of candle. Then by using chemical vapour deposition method 
the SiO2/carbon layer deposited on stainless steel mesh. Modify this mesh by using 
PFOTS and PDDA-PFO respectively to form the superhydrophobic and 
superoleophilic mesh membrane. This modified superhydrophobic stainless steel 
mesh exhibits excellent repellence for all the tested strong acids, strong bases and 
saturated salts, indicating a good stability of modified mesh under a series of hard 
environment. The separation efficiencies obtained repeatedly even after 15 cycles 
without any noticeable deterioration. Both superhydrophobic and superoleophilic 
modified stainless steel mesh membranes shows stability, durability and reusability. 
The SiO2/Carbon modified stainless steel mesh indicates good material for treating 
real oil-polluted water in different practical applications as well as in oil spill clean-
up. This method shows higher performance, oil-water separation in a short time and 
repeatedly in comparison with earlier works [20]. 

 

Figure-4. Process of superhydrophobic and oleophobic mesh membranes 

preparation: (a) coating stainless steel mesh with carbon nanoparticle (candle 
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soot), (b) carbon nanoparticle coated stainless steel mesh, (c) SiO2/carbon 

stainless steel mesh, (d) PFOTS modified SiO2/carbon stainless steel mesh, (e) 

PDDA–PFO modified SiO2/carbon stainless steel mesh. Images reprinted from 

[21], with permission from Royal Society of Chemistry, Copyright 2017. 

2.2.2 Durable PDMS-CS based superhydrophobic mesh 

The candle soot was deposited on stainless steel mesh by simply placed above the 
candle flame for 15 sec. Then this CS coated stainless steel mesh was dipped in 
solution of PDMS & Xylene for 10 min by using immersion method. After that same 
process will be carried out for deposition of candle soot on this modified stainless-
steel mesh was prepared.  It was shows 1560 water contact angle & nearly 00 oil 
contact angle. Also, it was shown 30 sliding angles. It was shows higher water 
contact angle even after 10 times tests of oil-water separation. The oil-water 
separation efficiency was nearly 91% by using this modified superhydrophobic 
stainless steel mesh. It exhibits high thermal stability, good corrosion resistance and 
reusability. It was modified though combine mesh & polymer foam the composite 
adsorbent material successfully separate the oil from water via magnet drive method. 
This modified method was very useful than other research work. So, it was very 
useful than any other works [21]. 

 

 

Figure-5. a) Schematic for the preparation process of composite adsorbent 

material (CAM) from the SH-M square boat and polymer foam, as well as its 

application of magnet drive for oil/water separation; b) SH-M square boat 

immersion in water by force; c–e) picture of the magnet drive CAM oil 

adsorption process. Images reprinted from [22], with permission from Progress 

in Organic Coatings, Copyright 2019. 

2.2.3 CS templated superhydrophobic silica coating on SS mesh 

The superhydrophobic coating was prepared through placing the cleaned substrate 
over candle flame until a few microns thick layer of candle soot deposited on 
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stainless steel mesh. The candle soot coated substrate together with SiCl4 was placed 
in a drier for chemical vapour deposition. Then, though calcination at 600 °C for half 
in air, CS composed NPs thermally degraded and diffused through the silica shell 
gradually. It was shows highly oil-water separation efficiency even after 30 times 
cycle separation superhydrophobic surface remained. The superhydrophobic coating 
revealed excellent separation efficiency even after 6 times reuses of same 
superhydrophobic material. It could be potentially used in optical and visual 
application scenarios where in harsh & oily environments, like goggles, building 
façade, visual oil-water separation device & touch screen, etc. Among the all-other 
research work it shows tremendous oil-water separation properties [22].  

 

 

Figure-6. Schematic of preparation and properties of the transparent and 

robust superhydrophobic coating and oil–water separation. Images reprinted 

from [23], with permission from Nature, Copyright 2022. 

 

3.CONCLUSION 

As this review highlights, candle soot nanoparticles are unique in that, their 
fabrication requires little control of external parameters. It is very economical 
beneficial, facile and straightforward to synthesize. Candle soot coated sponge/mesh 
for use in oil-water separation has been developed by using CS-nanoparticles and 
different polymers. The candle soot synthesis, candle soot coated sponge/mesh 
preparation,proceduresare simple, cost-effective and scalable. The 
absorption/separation investigation demonstrates that, the candle soot sponge/mesh is 
highly efficient and stable in absorbing a wide range of oil and organic solvents. It 
can be believed that, the candle soot coated superhydrophobic materials are very 
useful for oil-water separation. It shows various tremendous results with candle soot-
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polymer composite in various mechanical conditions. A candle soot nanoparticle 
shows significant surface area to volume ratio, high electronic and ionic 
conductivity. Candle soot is produced by simply burning of candles and hence, it is 
ecofriendly, economical and useful. Candle soot coated sponge/mesh can show 
stability, durability, reusability and reproducibility. 
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Superhydrophobic PVC/SiO2 Coating for Self-Cleaning
Application

Rajaram S. Sutar, Prashant J. Kalel, Sanjay S. Latthe, Deepak A. Kumbhar,

Smita S. Mahajan, Prashant P. Chikode, Swati S. Patil, Sunita S. Kadam, V. H. Gaikwad,

Appasaheb K. Bhosale, Kishor Kumar Sadasivuni, Shanhu Liu,* and Ruimin Xing*

A lotus leaf like self-cleaning superhydrophobic coating has high demand in

industrial applications. Such coatings are prepared by alternative dip and

spray deposition techniques. A layer of polyvinyl chloride is applied on glass

substrate by dip coating and then spray coated a suspension of hydrophobic

silica nanoparticles at substrate temperature of 50 °C. This coating procedure

is repeated for three times to achieve rough surface morphology which

exhibits a water contact angle of 169 ± 2° and sliding angle of 6°. The

superhydrophobic state of the coating is still preserved when water volume of

1.2 L is used to impact the water drops on coating surface. The stability of the

wetting state of the coating is analyzed against the water jet, adhesive tape

and sandpaper abrasion tests. The prepared superhydrophobic coating

strongly repelled the muddy water suggesting its importance in self-cleaning

applications.

1. Introduction

Lotus leaf is a perfect model of self-cleaning superhydropho-
bic surface with specific combination of surface chemistry (sur-
face energy) and surface topography (surface roughness).[1,2]

A low surface energy hierarchical surface structure of lotus
leaf surface revealed unusual wettability (water contact an-
gle (WCA) greater than 150° and sliding angle less than 10°)
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which inspired to create artificial su-
perhydrophobic surface by increasing
surface roughness along with decreasing
surface energy. Such superhydrophobic
surfaces have numerous applications
including self-cleaning, anti-corrosion,
drag-reduction, oil-water separation, and
etc.[3–8] So far, SiO2, TiO2, ZnO, Al2O3,
candle soot and various polymers have
been used to fabricate self-cleaning su-
perhydrophobic coatings.[9–14] Among
them, polymer/SiO2 nanocomposite
is a promising in preparation of self-
cleaning superhydrophobic coatings.[15,16]

The self-cleaning property of superhy-
drophobic coatings has attracted signifi-
cant interest in industrial applications. Re-
cently, Latthe et al. have applied suspen-
sion of hydrophobic SiO2 nanoparticles

(NPs) on different types of substrates including body of mo-
torcycle, building wall, mini boat, solar cell panel, window
glass, cotton shirt, fabric shoes, cellulose paper, metal, wood,
sponges, plastic, and marble which revealed high water repel-
lency and excellent self-cleaning property.[17] Many reports are
available on the preparation of superhydrophobic polyvinyl chlo-
ride (PVC) thin films using ethanol.[18–20] Seyfi et al. have drop
casted a mixture of PVC, Ag3PO4, and ethanol on thermoplastic
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Figure 1. a) Optical photograph of color water drop on superhydrophobic coating, b) the image of water jet impacting on coating, c and d) different
magnification SEM images of superhydrophobic coating.

polyurethane (TPU) substrate and achieved antibacterial super-
hydrophobic surface.[21] The as prepared superhydrophobic TPU
surface showed WCA ≈ 156° and SA ≈ 2° with self-cleaning
performance. Also, Guo et al.[15] have reported that water drops
rolled off immediately on the coating prepared by casting of
polymer (PVC, PMMA, and PE) and SiO2 NPs composite on
various substrates like copper, aluminum, stainless steel, sili-
con, glass and filter paper. Rivero et al.[22] have prepared su-
perhydrophobic surface by depositing ZnO NPs incorporated
polystyrene (PS) and PVC polymeric solution on aluminum al-
loy substrate using the electrospinning technique. Yuan et al.[23]

have obtained lotus-leaf-like superhydrophobic PVC film by cast-
ing PVC solution on negative template of PDMS. Other than
this, Zhang et al.[24] have obtained superhydrophobic coating
by pouring PVC/SiO2 mixture on negative template of PDMS
and reported that superhydrophobicity depends on weight per-
centage of SiO2 particles in PVC. Chen et al.[25] have prepared
water-repellent SiO2/polymer (PS and PVC) composite coat-
ing without any surface chemical modification by spin coat-
ing. The amount of hydrophobic SiO2 NPs in PVC or PS af-
fects the surface roughness and hence the wettability of the
coating.
Herein, we have prepared superhydrophobic surface on glass

by dip coating followed by spray coating method. The hydropho-
bic SiO2 NPs were prepared by sol–gel technique. A thin layer of
PVC was applied on glass substrate by dip coating and dried at
room temperature. After that, a suspension of SiO2 NPs in hex-
ane was sprayed on PVC coated glass substrate at substrate tem-
perature of 50 °C. The superhydrophobic coating was obtained
by applying multiple alternative layers of PVC and SiO2 NPs on
glass substrate.

2. Result and Discussion

2.1. Surface Microstructure and Wettability

The multiple layers of PVC/SiO2 were applied on glass substrate
to obtain desired surface roughness which is the main require-
ment of extreme water repellency. Figure 1c represents the sur-
face microstructure of three bilayer of PVC/SiO2 coating, where
the aggregated SiO2 NPs were distributed on the PVC layer. The
PVC layer can help SiO2 NPs to adhere firmly on the coating
surface. The aggregation of SiO2 NPs is not uniform and the
grain sizes from 5 µm to 100 nm were observed (Figure 1d).
These different size scale grains provide hierarchical surface
morphology. Nearly similar surface morphology was reported
for the PVC/SiO2 nanocomposite coating prepared by spin coat
technique.[25] This hierarchical surface morphology tends to trap
small air pockets in the rough voids and hence a water drop can
sit on the air-solid composite structure with minimum contact
to the solid fraction of the surface. A water drop can only touch
a small solid fraction of the coating, as the trapped air pushes
away the water drops and not allowing the water drops to wet the
inner portion of a rough surface. As shown in the Figure 1a, the
water drops hardly stay on the three bilayer of PVC/SiO2 superhy-
drophobic coating. Every water drop takes spherical shape at dif-
ferent positions on the coating surface confirming the uniform
deposition of PVC/SiO2 on the substrate. The superhydrophobic
coating was appeared opaque due to the presence of micrometer
scaled grains which allows scattering of the visible light. Also the
water jet was impacted on the superhydrophobic coating which
rebounds off the surface quickly after impacting (Figure 1b). The
trapped air in the rough surface resists the water jet to invade the

Macromol. Symp. 2020, 393, 2000034 © 2020 Wiley-VCH GmbH2000034 (2 of 6)
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Figure 2. The variation of water contact angle with layer of polyvinyl chlo-
ride and SiO2 particles.

rough structure. Also water jet rebounding confirms the robust-
ness of the coating.
A systematic study was performed on the dependence of num-

bers of bilayers on the wettability of the coating (Figure 2). A
first bilayer coating exhibited a WCA of 110±5° confirming hy-
drophobic nature of the coating. The surface roughness of the
coating is quite low to trap the air pockets and hence the wet-
tability falls in the Wenzel’s state[26] where the solid fraction of
the coating was partially wetted by the water drops. Though the
WCA increased to 140 ± 6° with considerable decrease in solid-
liquid contact area in case of two bilayer coating, the wettability
was still in the Wenzel’s wetting state. The WCA of 169 ± 7° and
SA of 6° was observed for three bilayer coating confirming super-
hydrophobicity in Cassie-Baxter’s wetting state.[27] A water drop
floats on the layer of air having minimum contact with solid frac-
tion of the coating surface and hence readily roll off the surface.
For next bilayer coatings, theWCA tends to decrease as a result of
increase in thickness which creates visible cracks in the coatings
during evaporation of solvent.

2.2. Durability Tests

The mechanical durability of superhydrophobic coating can be
evaluated by water jet and water drop impact, sand paper abra-
sion and adhesive tape peeling test.[28] Here, the water jet was de-
veloped by 15 mL syringe. The water jet was immediately spread
on uncoated glass slide due to smooth surface structure with hy-
drophilic nature. On the other hand, the water jet bounced off the
superhydrophobic coating as shown in Figure 1b. The air trapped
hierarchical structure strongly avoids pinning of water jet on the
surface.[5,29] The wettability of the coating was checked after wa-
ter jet impact study and the coating showed no change in its su-
perhydrophobic property confirming its robustness. Water drop
impact test was carried out by adjusting the distance between su-
perhydrophobic coating and tip of tap about 10 cm as shown in
schematic (Figure 3a). Nearly 2 L of water was dropped on the
superhydrophobic coating inclined at 30° with drop falling rate

of 90 drops min-1. The effect of water drop impact on the wetting
properties of the superhydrophobic coating was estimated. The
superhydrophobic state of the coating was intact for the impact
of 1.2 L of the water as a result of stable air pockets in the rough
microstructure of the coating which avoids water drop penetra-
tion inside the coating structure. However, the trapped air starts
to evacuate from the rough structure and also the rough structure
might have partly ruined due to continuous impact of water drops
and as a result, WCA decreased to less than 140° for impacting
2.0 L of water (Figure 3b).
The adhesive tape peeling test was carried by using Cellotape

No.405 having adhesiveness of 3.93 N/10mm. A tape was applied
firmly on the superhydrophobic coating with the help of 200 g
weighted disk rolling back and forth on it (Figure 4a).[28] After
slowly peeling off the tape, some amount of the coating material
was observed stacked on the adhesive tape; however, the coating
showed theWCA of 165° (Figure 4b). The superhydrophobicity of
the coating was found intact for two cycles of adhesive tape test,
and then theWCAdecreased to 80° for five cycles of adhesive tape
test confirming the exhaustive loss of PVC/SiO2 from the coating
(Figure 4c).
In large scale applications, superhydrophobic coatings can be

damaged by scratch, rubbing and finger contact. To sustain the
hierarchical micro/nanostructure and low surface energy of su-
perhydrophobic coating under mechanical abrasion is one of the
important issue. Here, the mechanical abrasion test was per-
formed using sandpaper grit no. 400. The schematic of sandpa-
per abrasion process is illustrated in Figure 5a. A weight (100 g)
was placed on superhydrophobic coating and dragged for 10 cm
length on sandpaper at the average speed of 0.5 cm sec-1. The ef-
fect of abrasion distance on the wettability of the superhydropho-
bic coating was studied (Figure 5b). The wettability of the coating
was found in the superhydrophobic state for dragging the coating
for nearly 30 cm on the sandpaper which confirms no significant
loss in the surface roughness of the coating. However, the WCA
decreased to 93° for dragging the coating for 60 cm on sandpaper
confirming substantial damage to the coating.

2.3. Self-Cleaning Property

High water repellent property of the surface with low water slid-
ing angle helps to keep the surface clean like a lotus leaf. In open
air, many solid surfaces are contaminated by various types of dust
particles. On superhydrophobic surface, spherical shaped water
drop roll away easily by collecting dust particles, performing self-
clean ability. The self-cleaning ability of the prepared superhy-
drophobic coating was tested by muddy water. The muddy water
was prepared by dispersing fine particles of soil in water. This
muddy water was poured on the superhydrophobic coating. In
the process of pouring muddy water, it eventually get repelled off
the superhydrophobic coating (Figure 6a–c). After pouring 50mL
of muddy water, surface becomes clean similar to lotus leaf (Fig-
ure 6c). This indicates prepared superhydrophobic coating was
highly water repellent with excellent self-cleaning property.

3. Conclusions

We have used a conventional dip and spray coating techniques to
prepare superhydrophobic coating by applying consecutive layers

Macromol. Symp. 2020, 393, 2000034 © 2020 Wiley-VCH GmbH2000034 (3 of 6)



www.advancedsciencenews.com www.ms-journal.de

Figure 3. a) A schematic of water drop impact test, b) the effect of water drop impact on wettability of the superhydrophobic coating.

Figure 4. a) Rolling of 200 g weighted disc on adhesive tape placed on coating, b) adhesive tape peeling off and c) effect of adhesive tape peeling cycles
on the wettability of the superhydrophobic coating.

of PVC and hydrophobic SiO2 NPs on glass substrate. The hierar-
chical rough microstructure with different scaled grains of SiO2

NPs was observed. The self-cleaning superhydrophobic coating
with WCA of 169 ± 2° and sliding angle of 6° was achieved by
applying three bilayers of alternate PVC followed by hydrophobic
SiO2 NPs. The water jet bouncing off the surface indicates the air
pockets trapped in dual scale rough structure. After dripping the

water of volume 1.2 L, the water drop impacted coating showed
invariable wettability. The superhydrophobic coatings were mod-
erately stable against adhesive tape and sandpaper abrasion tests.
Future practical applications of these coating can be found in
windshields of vehicles, solar cell panels and windows of build-
ings, if their transparency and mechanical stability could be fur-
ther enhanced.

Macromol. Symp. 2020, 393, 2000034 © 2020 Wiley-VCH GmbH2000034 (4 of 6)
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Figure 5. a) Schematic of sandpaper abrasion test and b) the variation of water contact angle with sandpaper abrasion distance.

Figure 6. a-c) Self-cleaning behavior of superhydrophobic coating.

4. Experimental Section

Materials: Methyltrimethoxysilane (MTMS) and PVC were purchased
from Sigma-Aldrich, USA. Ethanol, methanol, ammonia solution, tetrahy-
drofuron (THF) and hexane were bought from Spectrochem PVT. LTD.,
India. Micro-Glass slides (75 × 25 × 1.35 mm) were obtained from Blue
star, Polar Industrial Corporation, India.

Synthesis of Hydrophobic SiO2 NPs: The hydrophobic SiO2 NPs were
synthesized using sol–gel method reported in literature.[30] The mixture
of 2 mL MTMS, 20 mL methanol and 4 mL distilled water was stirred for
20 min. After that ammonia solution was added dropwise and kept for
stirring for 30 min. The prepared gel was aged for overnight and dried at
80°C for 5 h. The dried gel was grinded well using mortar and pestle to
obtain fine powder of silica particles.

Preparation of Superhydrophobic Coating: At first, the glass substrates
were ultrasonically cleaned with distilled water and ethanol for 30 min
and dried at room temperature. The cleaned glass substrate was dipped
in the PVC solution for 30 s. The solution was prepared by dissolving
100 mg PVC powder in 10 mL THF using magnetic stirrer (200 rpm
for 30 min). A thin layer of PVC deposited glass substrate was dried at
room temperature. A suspension of SiO2 NPs (100 mg) was prepared
by dispersing in 10 mL hexane and sprayed on PVC deposited glass
substrate at substrate temperature of 50 °C. Finally PVC/SiO2 deposited
glass substrate was annealed at 100 °C for 1 h. In this way, one bilayer
of PVC/SiO2 was applied on glass substrate. This procedure was re-
peated to deposit two, three and four bilayers of PVC/SiO2 on glass
substrate.

Characterizations: The wettability of prepared coatings was evaluated
by measuring WCA and sliding angle (SA) using contact angle meter (HO-
IAD-CAM-01, Holmarc Opto-Mechatronics Pvt. Ltd. India). The surface
morphology of coating was characterized by field emission scanning elec-
tron microscopy (FESEM, JEOL, JSM-7610F, Japan). The water jet impact
test was carried out by using 15mL syringe. For water drop impact test, the
coated glass substrate was kept at 30° inclination and water drops were
dropped from the height of 10 cm. The mechanical stability of the coat-
ing was checked by adhesive tape peeling and sandpaper abrasion test.
The self-cleaning behavior was observed by pouring muddy water on the
coating.
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Degradation of textile reactive azodyes by Hapalosiphon arboreus 
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Abstract: Azodyes widely used in textile industries are toxic to life. Dye degradation using microorganism 
gained more attention due to cost effectiveness and eco-friendly. There is need to investigate more 
indigenous species. In the present study the filamentous cyanobacteria Hapalosiphon vulgaris was examined 
for its degrading ability of azodyes Methyl Orange, Tartrazine Yellow, Scarlet Red, Reactive Black 5 and 
Sudan III.  The axenic culture of Hapalosiphon was inoculated with various concentrations of dyes (5, 10 
and 20 ppm) and incubated for 3, 5 and 7 days. Dye degradation was based on initial dye concentration. The 
maximum decolorization was observed in Scarlet red and Sudan III 92.5% and 82.02% respectively after 7 
days of incubation. Azoreducase enzyme in algae responsible for degradation of azodyes into aromatic 
amines. Maximum azoreductase activity 6.02 Umg-1 protein was observed for scarlet red. Influence of azo 
dyes on Chlorophyll a and b content and Phycobilin Proteins was also examined. The degradation product 
after decolourization was confirmed and identified by spectroscopic analysis and Fourier transformed 
infrared spectroscopic analysis. 

Keywords: Azoreductase enzyme, Methyl Orange, Scarlet Red, FTIR 
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Abstract: A novel superhydrophobic candle soot-wax composite coated surfaces for oil-water separation 
was fabricated via a facile two-step strategy. The decomposition of candle soot on the surface and then it 
was fixed via deposition of wax on CS-coated surfaces. The candle soot was synthesized by paraffin candle 
combustion flame. The CS-coated surface was prepared by via the dip-coating method without further 
surface modification and pre-treatments. Candle soot was firmly immobilized on the wax skeleton 
constructing a nanoscale rough surface with superhydrophobicity. The coated surfaces exhibit 
superhydrophobicity with a water contact angle of > 150° and a sliding angle of nearly 0°. The thermal 
stability, pH tolerance, compression tolerance, chemical durability, reusability, emulsion oil-water 
separation, and muddy water-oil separation was tested by using these superhydrophobic surfaces. The 
superhydrophobic surfaces have a sustainable, anti-wetting property under cross-sectional cutting, pressing, 
paper peel test, abrasion resistance test, and different pH environments. The superhydrophobic surface is 
suitable for practical application on a large scale. The simple CS-wax coating method can be applied to 
various surfaces, such as stainless steel and polyurethane sponges. These research results show evidence that 
the CS-wax-coated surface is promising in environmental remediation for large-scale, low-cost, removal of 
oil spills from water. 

Keywords: Candle soot nanoparticles, oil-water separation, sliding angle, superhydrophobic surfaces, water 
contact angle, waxes. 
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ABSTRACT 
Over the many years, the oceanic oil spill accidents and most industries worldwide 

discharging immense levels of oil in the surroundings is a serious problem for the 

environment. There is a need to develop technology for oil-water separation because the 

spilled oil affects the ecological and environmental system. Candle soot nanoparticles 

are hydrophobic (water repellent) in nature and has the advantages of cost-effectiveness 

and production scalability over other carbons like graphene, Carbon Nanotubes (CNTs), 

Carbon Nanodots (CNDs), etc. in their synthesis. Candle soot based superhydrophobic 

materials have outstanding water repulsion and oil absorption capacity, highly 

selectivity, chemical inertness and excellent recyclability. In this paper, we discuss 

applications of candle soot based superhydrophobicmaterials applied on sponge and 

mesh substrates for oil-water separation. 

KEYWORDS 
Carbon Nanotubes, Carbon Nanodots. 

…………………………………………………………………………………………. 

1. INTRODUCTION 

The oil spilling and discharge of industrial organic solvents causes several damages 
to water resources and aquatic ecosystems [1-3], which became a global problem 
andneed to solve it urgently to save the ecosystems. A new technology in material 
science has been developed for oil-water separation using superhydrophobic 
nanomaterial. As like the lotus leaf, superhydrophobic surface having water contact 
angle greater than 150° and oil contact angle near 0°[4]. Different chemical methods 
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are used for the fabrication of the superhydrophobic mesh/sponge for efficient oil-
water separation. As the carbon nanoparticles are hydrophobic in nature, it shows 
strong affinity toward oil. At the same time, huge amount of candle soot waste is 
produced. Undoubtedly, it is of great benefit to turn candle soot waste into high value 
oil absorbent materials [5]. The superhydrophobic mesh/sponge exhibited high 
selectivity toward different oil and organic pollutants, fast and efficient oil-water 
separation capability, good repeatability, good reusability, mechanically stable, 
chemically stable and thermally stable [6]. Candle soot-based absorbents 
demonstrate superior efficiency in the removal of oils. However, the high production 
costs of carbon nanotube[7], graphene[8], activated carbon [9], expanded graphite 
[10], etc. So, these absorbents limit their wide adoption at large scale. Candle soot 
(CS) generated from incomplete combustion of paraffin wax has demonstrated the 
advantages of cost effectiveness and production scalability over CNTs, graphene and 
activated carbons in their synthesis [11]. However, candle soot coated 
superhydrophobic materials are the best solution from these. The superhydrophobic 
surfaces on which water achieves water contact angle higher than 150° and sliding 
angle less than 5° are attracting minds of researchers due to their efficient oil-water 
separation abilities [12-14].J. Song et al. [15] fabricated CS-coated mesh by using 
dip-coating method. The cleaned stainless-steel mesh (SSM) was dipped in the glue 
solution for 10 min and then dried at 80°C to obtain the CS-glue coated mesh. The 
CS coating is close packed because of using superglue as a binder. The CS-glue 
coated mesh revealed the separation efficiency higher than 99.95%. Even after 20 
cycle separation tests, it was shown superior reusability and durability. Li et al. [16] 
prepared the hydrophobic CS by incomplete combustion of hydrocarbons from the 
middle of candle flame. The PU sponge dipped in the solution of CS, SiO2 and PU 
resin to achieve stable superhydrophobicity.The CS-SiO2-PU sponge showed 
excellent oil-water separation efficiency. The CS-SiO2-PU sponge was also shown 
superior separation efficiency from hot water, acidic solutions, alkaline solutions and 
salt solutions. Zulfiqar et al. [17] deposited cheaply available sawdust on 
polychloroprene adhesive-coated stainless-steel mesh with deposition of silicone 
polymer by using dip-coating method. Then, a thin layer of CS particle was applied 
on the prepared stainless-steel mesh by simply holding it above a candle flame. The 
CS particles get uniformly deposited on silicone covered sawdust which exhibited 
highly rough and porous morphology required for superhydrophobicity. It showed 
excellent oil-water separation efficiency greater than 95% whichshowed its 
recyclability, reusability and mechanical stability. In this article, we will mostly 
discuss on the simple, low-cost, rapid and innovative methods for the fabrication of 
superhydrophobic/superoleophilic CS coated sponges/meshes for efficient oil-water 
separation application. 
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weight which can be shown that the evaluation of the mass based on absorption 
capacity. The absorption capacity based on density, viscosity and surface tension of 
the absorbed liquids. This superhydrophobic sponge shows highly recyclability. The 
experiments demonstrate that the sponge can absorb the oil more than 30 cyclic 
applications without any significant change in the absorption. This method shows the 
benefits of easy preparation using natural soot source, better performance, oil 
absorption in a very short time in comparison with previous works [19].  

 

 

Figure-2. Schematic illustration of preparation of modified polyurethane sponge 

and oil separation process. Images reprinted from [19], with permission from 

Elsevier, Copyright 2017. 

2.1.3 Durable PVDF/CS sponge 

The superhydrophobic surface was fabricated by using PVDF and candle soot via 
sugar template method. It was shown the water contact angle of 158.30 and roll on 
angle of 6.70. The oil quickly absorbed by superhydrophobic sponge which can be 
shows the superoleophilic property of superhydrophobic sponge. The solar value of 
candle soot is up to 99.4% which shows excellent light absorbing property. The 
sponge shows excellent oil-water separation property even after 25 cycles without 
destroying the sponge. The strong elasticity & high stretch resistance confirms that 
the modified superhydrophobic surface is highly mechanical durable. The modified 
sponge maintains the 89% of recovery rate even after 10 cycles. The absorption 
capability recovered up to 96% without obvious change of morphology of the sponge 
surface. This method was used to prepare a photothermal & porous PVDF/CS sponge 
with structural, chemical and mechanical property. It was shown high photothermal 
property. 
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Figure-3. Schematic illustration of the fabrication of porous PVDF/candle soot sponge using 

sugar template. Images reprinted from [20], with permission from Elsevier, Copyright 2021. 

2.2 Oil-water separation using superhydrophobic-superoleophilic meshes 

2.2.1 Superhydrophobic SiO2/Carbon mesh 

The candle soot was collected on the surface of stainless-steel mesh by placing the 
mesh above the wick of candle. Then by using chemical vapour deposition method 
the SiO2/carbon layer deposited on stainless steel mesh. Modify this mesh by using 
PFOTS and PDDA-PFO respectively to form the superhydrophobic and 
superoleophilic mesh membrane. This modified superhydrophobic stainless steel 
mesh exhibits excellent repellence for all the tested strong acids, strong bases and 
saturated salts, indicating a good stability of modified mesh under a series of hard 
environment. The separation efficiencies obtained repeatedly even after 15 cycles 
without any noticeable deterioration. Both superhydrophobic and superoleophilic 
modified stainless steel mesh membranes shows stability, durability and reusability. 
The SiO2/Carbon modified stainless steel mesh indicates good material for treating 
real oil-polluted water in different practical applications as well as in oil spill clean-
up. This method shows higher performance, oil-water separation in a short time and 
repeatedly in comparison with earlier works [20]. 

 

Figure-4. Process of superhydrophobic and oleophobic mesh membranes 

preparation: (a) coating stainless steel mesh with carbon nanoparticle (candle 
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soot), (b) carbon nanoparticle coated stainless steel mesh, (c) SiO2/carbon 

stainless steel mesh, (d) PFOTS modified SiO2/carbon stainless steel mesh, (e) 

PDDA–PFO modified SiO2/carbon stainless steel mesh. Images reprinted from 

[21], with permission from Royal Society of Chemistry, Copyright 2017. 

2.2.2 Durable PDMS-CS based superhydrophobic mesh 

The candle soot was deposited on stainless steel mesh by simply placed above the 
candle flame for 15 sec. Then this CS coated stainless steel mesh was dipped in 
solution of PDMS & Xylene for 10 min by using immersion method. After that same 
process will be carried out for deposition of candle soot on this modified stainless-
steel mesh was prepared.  It was shows 1560 water contact angle & nearly 00 oil 
contact angle. Also, it was shown 30 sliding angles. It was shows higher water 
contact angle even after 10 times tests of oil-water separation. The oil-water 
separation efficiency was nearly 91% by using this modified superhydrophobic 
stainless steel mesh. It exhibits high thermal stability, good corrosion resistance and 
reusability. It was modified though combine mesh & polymer foam the composite 
adsorbent material successfully separate the oil from water via magnet drive method. 
This modified method was very useful than other research work. So, it was very 
useful than any other works [21]. 

 

 

Figure-5. a) Schematic for the preparation process of composite adsorbent 

material (CAM) from the SH-M square boat and polymer foam, as well as its 

application of magnet drive for oil/water separation; b) SH-M square boat 

immersion in water by force; c–e) picture of the magnet drive CAM oil 

adsorption process. Images reprinted from [22], with permission from Progress 

in Organic Coatings, Copyright 2019. 

2.2.3 CS templated superhydrophobic silica coating on SS mesh 

The superhydrophobic coating was prepared through placing the cleaned substrate 
over candle flame until a few microns thick layer of candle soot deposited on 
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stainless steel mesh. The candle soot coated substrate together with SiCl4 was placed 
in a drier for chemical vapour deposition. Then, though calcination at 600 °C for half 
in air, CS composed NPs thermally degraded and diffused through the silica shell 
gradually. It was shows highly oil-water separation efficiency even after 30 times 
cycle separation superhydrophobic surface remained. The superhydrophobic coating 
revealed excellent separation efficiency even after 6 times reuses of same 
superhydrophobic material. It could be potentially used in optical and visual 
application scenarios where in harsh & oily environments, like goggles, building 
façade, visual oil-water separation device & touch screen, etc. Among the all-other 
research work it shows tremendous oil-water separation properties [22].  

 

 

Figure-6. Schematic of preparation and properties of the transparent and 

robust superhydrophobic coating and oil–water separation. Images reprinted 

from [23], with permission from Nature, Copyright 2022. 

 

3.CONCLUSION 

As this review highlights, candle soot nanoparticles are unique in that, their 
fabrication requires little control of external parameters. It is very economical 
beneficial, facile and straightforward to synthesize. Candle soot coated sponge/mesh 
for use in oil-water separation has been developed by using CS-nanoparticles and 
different polymers. The candle soot synthesis, candle soot coated sponge/mesh 
preparation,proceduresare simple, cost-effective and scalable. The 
absorption/separation investigation demonstrates that, the candle soot sponge/mesh is 
highly efficient and stable in absorbing a wide range of oil and organic solvents. It 
can be believed that, the candle soot coated superhydrophobic materials are very 
useful for oil-water separation. It shows various tremendous results with candle soot-
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polymer composite in various mechanical conditions. A candle soot nanoparticle 
shows significant surface area to volume ratio, high electronic and ionic 
conductivity. Candle soot is produced by simply burning of candles and hence, it is 
ecofriendly, economical and useful. Candle soot coated sponge/mesh can show 
stability, durability, reusability and reproducibility. 
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ABSTRACT 
Over the many years, the oceanic oil spill accidents and most industries worldwide 

discharging immense levels of oil in the surroundings is a serious problem for the 

environment. There is a need to develop technology for oil-water separation because the 

spilled oil affects the ecological and environmental system. Candle soot nanoparticles 

are hydrophobic (water repellent) in nature and has the advantages of cost-effectiveness 

and production scalability over other carbons like graphene, Carbon Nanotubes (CNTs), 

Carbon Nanodots (CNDs), etc. in their synthesis. Candle soot based superhydrophobic 

materials have outstanding water repulsion and oil absorption capacity, highly 

selectivity, chemical inertness and excellent recyclability. In this paper, we discuss 

applications of candle soot based superhydrophobicmaterials applied on sponge and 

mesh substrates for oil-water separation. 

KEYWORDS 
Carbon Nanotubes, Carbon Nanodots. 

…………………………………………………………………………………………. 

1. INTRODUCTION 

The oil spilling and discharge of industrial organic solvents causes several damages 
to water resources and aquatic ecosystems [1-3], which became a global problem 
andneed to solve it urgently to save the ecosystems. A new technology in material 
science has been developed for oil-water separation using superhydrophobic 
nanomaterial. As like the lotus leaf, superhydrophobic surface having water contact 
angle greater than 150° and oil contact angle near 0°[4]. Different chemical methods 
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are used for the fabrication of the superhydrophobic mesh/sponge for efficient oil-
water separation. As the carbon nanoparticles are hydrophobic in nature, it shows 
strong affinity toward oil. At the same time, huge amount of candle soot waste is 
produced. Undoubtedly, it is of great benefit to turn candle soot waste into high value 
oil absorbent materials [5]. The superhydrophobic mesh/sponge exhibited high 
selectivity toward different oil and organic pollutants, fast and efficient oil-water 
separation capability, good repeatability, good reusability, mechanically stable, 
chemically stable and thermally stable [6]. Candle soot-based absorbents 
demonstrate superior efficiency in the removal of oils. However, the high production 
costs of carbon nanotube[7], graphene[8], activated carbon [9], expanded graphite 
[10], etc. So, these absorbents limit their wide adoption at large scale. Candle soot 
(CS) generated from incomplete combustion of paraffin wax has demonstrated the 
advantages of cost effectiveness and production scalability over CNTs, graphene and 
activated carbons in their synthesis [11]. However, candle soot coated 
superhydrophobic materials are the best solution from these. The superhydrophobic 
surfaces on which water achieves water contact angle higher than 150° and sliding 
angle less than 5° are attracting minds of researchers due to their efficient oil-water 
separation abilities [12-14].J. Song et al. [15] fabricated CS-coated mesh by using 
dip-coating method. The cleaned stainless-steel mesh (SSM) was dipped in the glue 
solution for 10 min and then dried at 80°C to obtain the CS-glue coated mesh. The 
CS coating is close packed because of using superglue as a binder. The CS-glue 
coated mesh revealed the separation efficiency higher than 99.95%. Even after 20 
cycle separation tests, it was shown superior reusability and durability. Li et al. [16] 
prepared the hydrophobic CS by incomplete combustion of hydrocarbons from the 
middle of candle flame. The PU sponge dipped in the solution of CS, SiO2 and PU 
resin to achieve stable superhydrophobicity.The CS-SiO2-PU sponge showed 
excellent oil-water separation efficiency. The CS-SiO2-PU sponge was also shown 
superior separation efficiency from hot water, acidic solutions, alkaline solutions and 
salt solutions. Zulfiqar et al. [17] deposited cheaply available sawdust on 
polychloroprene adhesive-coated stainless-steel mesh with deposition of silicone 
polymer by using dip-coating method. Then, a thin layer of CS particle was applied 
on the prepared stainless-steel mesh by simply holding it above a candle flame. The 
CS particles get uniformly deposited on silicone covered sawdust which exhibited 
highly rough and porous morphology required for superhydrophobicity. It showed 
excellent oil-water separation efficiency greater than 95% whichshowed its 
recyclability, reusability and mechanical stability. In this article, we will mostly 
discuss on the simple, low-cost, rapid and innovative methods for the fabrication of 
superhydrophobic/superoleophilic CS coated sponges/meshes for efficient oil-water 
separation application. 
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weight which can be shown that the evaluation of the mass based on absorption 
capacity. The absorption capacity based on density, viscosity and surface tension of 
the absorbed liquids. This superhydrophobic sponge shows highly recyclability. The 
experiments demonstrate that the sponge can absorb the oil more than 30 cyclic 
applications without any significant change in the absorption. This method shows the 
benefits of easy preparation using natural soot source, better performance, oil 
absorption in a very short time in comparison with previous works [19].  

 

 

Figure-2. Schematic illustration of preparation of modified polyurethane sponge 

and oil separation process. Images reprinted from [19], with permission from 

Elsevier, Copyright 2017. 

2.1.3 Durable PVDF/CS sponge 

The superhydrophobic surface was fabricated by using PVDF and candle soot via 
sugar template method. It was shown the water contact angle of 158.30 and roll on 
angle of 6.70. The oil quickly absorbed by superhydrophobic sponge which can be 
shows the superoleophilic property of superhydrophobic sponge. The solar value of 
candle soot is up to 99.4% which shows excellent light absorbing property. The 
sponge shows excellent oil-water separation property even after 25 cycles without 
destroying the sponge. The strong elasticity & high stretch resistance confirms that 
the modified superhydrophobic surface is highly mechanical durable. The modified 
sponge maintains the 89% of recovery rate even after 10 cycles. The absorption 
capability recovered up to 96% without obvious change of morphology of the sponge 
surface. This method was used to prepare a photothermal & porous PVDF/CS sponge 
with structural, chemical and mechanical property. It was shown high photothermal 
property. 
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Figure-3. Schematic illustration of the fabrication of porous PVDF/candle soot sponge using 

sugar template. Images reprinted from [20], with permission from Elsevier, Copyright 2021. 

2.2 Oil-water separation using superhydrophobic-superoleophilic meshes 

2.2.1 Superhydrophobic SiO2/Carbon mesh 

The candle soot was collected on the surface of stainless-steel mesh by placing the 
mesh above the wick of candle. Then by using chemical vapour deposition method 
the SiO2/carbon layer deposited on stainless steel mesh. Modify this mesh by using 
PFOTS and PDDA-PFO respectively to form the superhydrophobic and 
superoleophilic mesh membrane. This modified superhydrophobic stainless steel 
mesh exhibits excellent repellence for all the tested strong acids, strong bases and 
saturated salts, indicating a good stability of modified mesh under a series of hard 
environment. The separation efficiencies obtained repeatedly even after 15 cycles 
without any noticeable deterioration. Both superhydrophobic and superoleophilic 
modified stainless steel mesh membranes shows stability, durability and reusability. 
The SiO2/Carbon modified stainless steel mesh indicates good material for treating 
real oil-polluted water in different practical applications as well as in oil spill clean-
up. This method shows higher performance, oil-water separation in a short time and 
repeatedly in comparison with earlier works [20]. 

 

Figure-4. Process of superhydrophobic and oleophobic mesh membranes 

preparation: (a) coating stainless steel mesh with carbon nanoparticle (candle 
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soot), (b) carbon nanoparticle coated stainless steel mesh, (c) SiO2/carbon 

stainless steel mesh, (d) PFOTS modified SiO2/carbon stainless steel mesh, (e) 

PDDA–PFO modified SiO2/carbon stainless steel mesh. Images reprinted from 

[21], with permission from Royal Society of Chemistry, Copyright 2017. 

2.2.2 Durable PDMS-CS based superhydrophobic mesh 

The candle soot was deposited on stainless steel mesh by simply placed above the 
candle flame for 15 sec. Then this CS coated stainless steel mesh was dipped in 
solution of PDMS & Xylene for 10 min by using immersion method. After that same 
process will be carried out for deposition of candle soot on this modified stainless-
steel mesh was prepared.  It was shows 1560 water contact angle & nearly 00 oil 
contact angle. Also, it was shown 30 sliding angles. It was shows higher water 
contact angle even after 10 times tests of oil-water separation. The oil-water 
separation efficiency was nearly 91% by using this modified superhydrophobic 
stainless steel mesh. It exhibits high thermal stability, good corrosion resistance and 
reusability. It was modified though combine mesh & polymer foam the composite 
adsorbent material successfully separate the oil from water via magnet drive method. 
This modified method was very useful than other research work. So, it was very 
useful than any other works [21]. 

 

 

Figure-5. a) Schematic for the preparation process of composite adsorbent 

material (CAM) from the SH-M square boat and polymer foam, as well as its 

application of magnet drive for oil/water separation; b) SH-M square boat 

immersion in water by force; c–e) picture of the magnet drive CAM oil 

adsorption process. Images reprinted from [22], with permission from Progress 

in Organic Coatings, Copyright 2019. 

2.2.3 CS templated superhydrophobic silica coating on SS mesh 

The superhydrophobic coating was prepared through placing the cleaned substrate 
over candle flame until a few microns thick layer of candle soot deposited on 
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stainless steel mesh. The candle soot coated substrate together with SiCl4 was placed 
in a drier for chemical vapour deposition. Then, though calcination at 600 °C for half 
in air, CS composed NPs thermally degraded and diffused through the silica shell 
gradually. It was shows highly oil-water separation efficiency even after 30 times 
cycle separation superhydrophobic surface remained. The superhydrophobic coating 
revealed excellent separation efficiency even after 6 times reuses of same 
superhydrophobic material. It could be potentially used in optical and visual 
application scenarios where in harsh & oily environments, like goggles, building 
façade, visual oil-water separation device & touch screen, etc. Among the all-other 
research work it shows tremendous oil-water separation properties [22].  

 

 

Figure-6. Schematic of preparation and properties of the transparent and 

robust superhydrophobic coating and oil–water separation. Images reprinted 

from [23], with permission from Nature, Copyright 2022. 

 

3.CONCLUSION 

As this review highlights, candle soot nanoparticles are unique in that, their 
fabrication requires little control of external parameters. It is very economical 
beneficial, facile and straightforward to synthesize. Candle soot coated sponge/mesh 
for use in oil-water separation has been developed by using CS-nanoparticles and 
different polymers. The candle soot synthesis, candle soot coated sponge/mesh 
preparation,proceduresare simple, cost-effective and scalable. The 
absorption/separation investigation demonstrates that, the candle soot sponge/mesh is 
highly efficient and stable in absorbing a wide range of oil and organic solvents. It 
can be believed that, the candle soot coated superhydrophobic materials are very 
useful for oil-water separation. It shows various tremendous results with candle soot-
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polymer composite in various mechanical conditions. A candle soot nanoparticle 
shows significant surface area to volume ratio, high electronic and ionic 
conductivity. Candle soot is produced by simply burning of candles and hence, it is 
ecofriendly, economical and useful. Candle soot coated sponge/mesh can show 
stability, durability, reusability and reproducibility. 
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Superhydrophobic PVC/SiO2 Coating for Self-Cleaning
Application

Rajaram S. Sutar, Prashant J. Kalel, Sanjay S. Latthe, Deepak A. Kumbhar,

Smita S. Mahajan, Prashant P. Chikode, Swati S. Patil, Sunita S. Kadam, V. H. Gaikwad,

Appasaheb K. Bhosale, Kishor Kumar Sadasivuni, Shanhu Liu,* and Ruimin Xing*

A lotus leaf like self-cleaning superhydrophobic coating has high demand in

industrial applications. Such coatings are prepared by alternative dip and

spray deposition techniques. A layer of polyvinyl chloride is applied on glass

substrate by dip coating and then spray coated a suspension of hydrophobic

silica nanoparticles at substrate temperature of 50 °C. This coating procedure

is repeated for three times to achieve rough surface morphology which

exhibits a water contact angle of 169 ± 2° and sliding angle of 6°. The

superhydrophobic state of the coating is still preserved when water volume of

1.2 L is used to impact the water drops on coating surface. The stability of the

wetting state of the coating is analyzed against the water jet, adhesive tape

and sandpaper abrasion tests. The prepared superhydrophobic coating

strongly repelled the muddy water suggesting its importance in self-cleaning

applications.

1. Introduction

Lotus leaf is a perfect model of self-cleaning superhydropho-
bic surface with specific combination of surface chemistry (sur-
face energy) and surface topography (surface roughness).[1,2]

A low surface energy hierarchical surface structure of lotus
leaf surface revealed unusual wettability (water contact an-
gle (WCA) greater than 150° and sliding angle less than 10°)
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which inspired to create artificial su-
perhydrophobic surface by increasing
surface roughness along with decreasing
surface energy. Such superhydrophobic
surfaces have numerous applications
including self-cleaning, anti-corrosion,
drag-reduction, oil-water separation, and
etc.[3–8] So far, SiO2, TiO2, ZnO, Al2O3,
candle soot and various polymers have
been used to fabricate self-cleaning su-
perhydrophobic coatings.[9–14] Among
them, polymer/SiO2 nanocomposite
is a promising in preparation of self-
cleaning superhydrophobic coatings.[15,16]

The self-cleaning property of superhy-
drophobic coatings has attracted signifi-
cant interest in industrial applications. Re-
cently, Latthe et al. have applied suspen-
sion of hydrophobic SiO2 nanoparticles

(NPs) on different types of substrates including body of mo-
torcycle, building wall, mini boat, solar cell panel, window
glass, cotton shirt, fabric shoes, cellulose paper, metal, wood,
sponges, plastic, and marble which revealed high water repel-
lency and excellent self-cleaning property.[17] Many reports are
available on the preparation of superhydrophobic polyvinyl chlo-
ride (PVC) thin films using ethanol.[18–20] Seyfi et al. have drop
casted a mixture of PVC, Ag3PO4, and ethanol on thermoplastic
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Figure 1. a) Optical photograph of color water drop on superhydrophobic coating, b) the image of water jet impacting on coating, c and d) different
magnification SEM images of superhydrophobic coating.

polyurethane (TPU) substrate and achieved antibacterial super-
hydrophobic surface.[21] The as prepared superhydrophobic TPU
surface showed WCA ≈ 156° and SA ≈ 2° with self-cleaning
performance. Also, Guo et al.[15] have reported that water drops
rolled off immediately on the coating prepared by casting of
polymer (PVC, PMMA, and PE) and SiO2 NPs composite on
various substrates like copper, aluminum, stainless steel, sili-
con, glass and filter paper. Rivero et al.[22] have prepared su-
perhydrophobic surface by depositing ZnO NPs incorporated
polystyrene (PS) and PVC polymeric solution on aluminum al-
loy substrate using the electrospinning technique. Yuan et al.[23]

have obtained lotus-leaf-like superhydrophobic PVC film by cast-
ing PVC solution on negative template of PDMS. Other than
this, Zhang et al.[24] have obtained superhydrophobic coating
by pouring PVC/SiO2 mixture on negative template of PDMS
and reported that superhydrophobicity depends on weight per-
centage of SiO2 particles in PVC. Chen et al.[25] have prepared
water-repellent SiO2/polymer (PS and PVC) composite coat-
ing without any surface chemical modification by spin coat-
ing. The amount of hydrophobic SiO2 NPs in PVC or PS af-
fects the surface roughness and hence the wettability of the
coating.
Herein, we have prepared superhydrophobic surface on glass

by dip coating followed by spray coating method. The hydropho-
bic SiO2 NPs were prepared by sol–gel technique. A thin layer of
PVC was applied on glass substrate by dip coating and dried at
room temperature. After that, a suspension of SiO2 NPs in hex-
ane was sprayed on PVC coated glass substrate at substrate tem-
perature of 50 °C. The superhydrophobic coating was obtained
by applying multiple alternative layers of PVC and SiO2 NPs on
glass substrate.

2. Result and Discussion

2.1. Surface Microstructure and Wettability

The multiple layers of PVC/SiO2 were applied on glass substrate
to obtain desired surface roughness which is the main require-
ment of extreme water repellency. Figure 1c represents the sur-
face microstructure of three bilayer of PVC/SiO2 coating, where
the aggregated SiO2 NPs were distributed on the PVC layer. The
PVC layer can help SiO2 NPs to adhere firmly on the coating
surface. The aggregation of SiO2 NPs is not uniform and the
grain sizes from 5 µm to 100 nm were observed (Figure 1d).
These different size scale grains provide hierarchical surface
morphology. Nearly similar surface morphology was reported
for the PVC/SiO2 nanocomposite coating prepared by spin coat
technique.[25] This hierarchical surface morphology tends to trap
small air pockets in the rough voids and hence a water drop can
sit on the air-solid composite structure with minimum contact
to the solid fraction of the surface. A water drop can only touch
a small solid fraction of the coating, as the trapped air pushes
away the water drops and not allowing the water drops to wet the
inner portion of a rough surface. As shown in the Figure 1a, the
water drops hardly stay on the three bilayer of PVC/SiO2 superhy-
drophobic coating. Every water drop takes spherical shape at dif-
ferent positions on the coating surface confirming the uniform
deposition of PVC/SiO2 on the substrate. The superhydrophobic
coating was appeared opaque due to the presence of micrometer
scaled grains which allows scattering of the visible light. Also the
water jet was impacted on the superhydrophobic coating which
rebounds off the surface quickly after impacting (Figure 1b). The
trapped air in the rough surface resists the water jet to invade the

Macromol. Symp. 2020, 393, 2000034 © 2020 Wiley-VCH GmbH2000034 (2 of 6)
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Figure 2. The variation of water contact angle with layer of polyvinyl chlo-
ride and SiO2 particles.

rough structure. Also water jet rebounding confirms the robust-
ness of the coating.
A systematic study was performed on the dependence of num-

bers of bilayers on the wettability of the coating (Figure 2). A
first bilayer coating exhibited a WCA of 110±5° confirming hy-
drophobic nature of the coating. The surface roughness of the
coating is quite low to trap the air pockets and hence the wet-
tability falls in the Wenzel’s state[26] where the solid fraction of
the coating was partially wetted by the water drops. Though the
WCA increased to 140 ± 6° with considerable decrease in solid-
liquid contact area in case of two bilayer coating, the wettability
was still in the Wenzel’s wetting state. The WCA of 169 ± 7° and
SA of 6° was observed for three bilayer coating confirming super-
hydrophobicity in Cassie-Baxter’s wetting state.[27] A water drop
floats on the layer of air having minimum contact with solid frac-
tion of the coating surface and hence readily roll off the surface.
For next bilayer coatings, theWCA tends to decrease as a result of
increase in thickness which creates visible cracks in the coatings
during evaporation of solvent.

2.2. Durability Tests

The mechanical durability of superhydrophobic coating can be
evaluated by water jet and water drop impact, sand paper abra-
sion and adhesive tape peeling test.[28] Here, the water jet was de-
veloped by 15 mL syringe. The water jet was immediately spread
on uncoated glass slide due to smooth surface structure with hy-
drophilic nature. On the other hand, the water jet bounced off the
superhydrophobic coating as shown in Figure 1b. The air trapped
hierarchical structure strongly avoids pinning of water jet on the
surface.[5,29] The wettability of the coating was checked after wa-
ter jet impact study and the coating showed no change in its su-
perhydrophobic property confirming its robustness. Water drop
impact test was carried out by adjusting the distance between su-
perhydrophobic coating and tip of tap about 10 cm as shown in
schematic (Figure 3a). Nearly 2 L of water was dropped on the
superhydrophobic coating inclined at 30° with drop falling rate

of 90 drops min-1. The effect of water drop impact on the wetting
properties of the superhydrophobic coating was estimated. The
superhydrophobic state of the coating was intact for the impact
of 1.2 L of the water as a result of stable air pockets in the rough
microstructure of the coating which avoids water drop penetra-
tion inside the coating structure. However, the trapped air starts
to evacuate from the rough structure and also the rough structure
might have partly ruined due to continuous impact of water drops
and as a result, WCA decreased to less than 140° for impacting
2.0 L of water (Figure 3b).
The adhesive tape peeling test was carried by using Cellotape

No.405 having adhesiveness of 3.93 N/10mm. A tape was applied
firmly on the superhydrophobic coating with the help of 200 g
weighted disk rolling back and forth on it (Figure 4a).[28] After
slowly peeling off the tape, some amount of the coating material
was observed stacked on the adhesive tape; however, the coating
showed theWCA of 165° (Figure 4b). The superhydrophobicity of
the coating was found intact for two cycles of adhesive tape test,
and then theWCAdecreased to 80° for five cycles of adhesive tape
test confirming the exhaustive loss of PVC/SiO2 from the coating
(Figure 4c).
In large scale applications, superhydrophobic coatings can be

damaged by scratch, rubbing and finger contact. To sustain the
hierarchical micro/nanostructure and low surface energy of su-
perhydrophobic coating under mechanical abrasion is one of the
important issue. Here, the mechanical abrasion test was per-
formed using sandpaper grit no. 400. The schematic of sandpa-
per abrasion process is illustrated in Figure 5a. A weight (100 g)
was placed on superhydrophobic coating and dragged for 10 cm
length on sandpaper at the average speed of 0.5 cm sec-1. The ef-
fect of abrasion distance on the wettability of the superhydropho-
bic coating was studied (Figure 5b). The wettability of the coating
was found in the superhydrophobic state for dragging the coating
for nearly 30 cm on the sandpaper which confirms no significant
loss in the surface roughness of the coating. However, the WCA
decreased to 93° for dragging the coating for 60 cm on sandpaper
confirming substantial damage to the coating.

2.3. Self-Cleaning Property

High water repellent property of the surface with low water slid-
ing angle helps to keep the surface clean like a lotus leaf. In open
air, many solid surfaces are contaminated by various types of dust
particles. On superhydrophobic surface, spherical shaped water
drop roll away easily by collecting dust particles, performing self-
clean ability. The self-cleaning ability of the prepared superhy-
drophobic coating was tested by muddy water. The muddy water
was prepared by dispersing fine particles of soil in water. This
muddy water was poured on the superhydrophobic coating. In
the process of pouring muddy water, it eventually get repelled off
the superhydrophobic coating (Figure 6a–c). After pouring 50mL
of muddy water, surface becomes clean similar to lotus leaf (Fig-
ure 6c). This indicates prepared superhydrophobic coating was
highly water repellent with excellent self-cleaning property.

3. Conclusions

We have used a conventional dip and spray coating techniques to
prepare superhydrophobic coating by applying consecutive layers

Macromol. Symp. 2020, 393, 2000034 © 2020 Wiley-VCH GmbH2000034 (3 of 6)
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Figure 3. a) A schematic of water drop impact test, b) the effect of water drop impact on wettability of the superhydrophobic coating.

Figure 4. a) Rolling of 200 g weighted disc on adhesive tape placed on coating, b) adhesive tape peeling off and c) effect of adhesive tape peeling cycles
on the wettability of the superhydrophobic coating.

of PVC and hydrophobic SiO2 NPs on glass substrate. The hierar-
chical rough microstructure with different scaled grains of SiO2

NPs was observed. The self-cleaning superhydrophobic coating
with WCA of 169 ± 2° and sliding angle of 6° was achieved by
applying three bilayers of alternate PVC followed by hydrophobic
SiO2 NPs. The water jet bouncing off the surface indicates the air
pockets trapped in dual scale rough structure. After dripping the

water of volume 1.2 L, the water drop impacted coating showed
invariable wettability. The superhydrophobic coatings were mod-
erately stable against adhesive tape and sandpaper abrasion tests.
Future practical applications of these coating can be found in
windshields of vehicles, solar cell panels and windows of build-
ings, if their transparency and mechanical stability could be fur-
ther enhanced.
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Figure 5. a) Schematic of sandpaper abrasion test and b) the variation of water contact angle with sandpaper abrasion distance.

Figure 6. a-c) Self-cleaning behavior of superhydrophobic coating.

4. Experimental Section

Materials: Methyltrimethoxysilane (MTMS) and PVC were purchased
from Sigma-Aldrich, USA. Ethanol, methanol, ammonia solution, tetrahy-
drofuron (THF) and hexane were bought from Spectrochem PVT. LTD.,
India. Micro-Glass slides (75 × 25 × 1.35 mm) were obtained from Blue
star, Polar Industrial Corporation, India.

Synthesis of Hydrophobic SiO2 NPs: The hydrophobic SiO2 NPs were
synthesized using sol–gel method reported in literature.[30] The mixture
of 2 mL MTMS, 20 mL methanol and 4 mL distilled water was stirred for
20 min. After that ammonia solution was added dropwise and kept for
stirring for 30 min. The prepared gel was aged for overnight and dried at
80°C for 5 h. The dried gel was grinded well using mortar and pestle to
obtain fine powder of silica particles.

Preparation of Superhydrophobic Coating: At first, the glass substrates
were ultrasonically cleaned with distilled water and ethanol for 30 min
and dried at room temperature. The cleaned glass substrate was dipped
in the PVC solution for 30 s. The solution was prepared by dissolving
100 mg PVC powder in 10 mL THF using magnetic stirrer (200 rpm
for 30 min). A thin layer of PVC deposited glass substrate was dried at
room temperature. A suspension of SiO2 NPs (100 mg) was prepared
by dispersing in 10 mL hexane and sprayed on PVC deposited glass
substrate at substrate temperature of 50 °C. Finally PVC/SiO2 deposited
glass substrate was annealed at 100 °C for 1 h. In this way, one bilayer
of PVC/SiO2 was applied on glass substrate. This procedure was re-
peated to deposit two, three and four bilayers of PVC/SiO2 on glass
substrate.

Characterizations: The wettability of prepared coatings was evaluated
by measuring WCA and sliding angle (SA) using contact angle meter (HO-
IAD-CAM-01, Holmarc Opto-Mechatronics Pvt. Ltd. India). The surface
morphology of coating was characterized by field emission scanning elec-
tron microscopy (FESEM, JEOL, JSM-7610F, Japan). The water jet impact
test was carried out by using 15mL syringe. For water drop impact test, the
coated glass substrate was kept at 30° inclination and water drops were
dropped from the height of 10 cm. The mechanical stability of the coat-
ing was checked by adhesive tape peeling and sandpaper abrasion test.
The self-cleaning behavior was observed by pouring muddy water on the
coating.
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ABSTRACT 
Contamination like oil and organic pollutants in water has a severe problem for 

aquatic life and human being; it is a need to preserve their life. These contaminants 

are added due to frequent oil spill accidents, and industrial as well as domestic 

waste. There is a need to develop methods and materials that show excellent ability 

to separate the oil and organic contaminants from water. Recently, 

superhydrophobic coated sponges, metals mesh, membranes and porous materials 

plays crucial role to separate oil and water from oil-water mixture. The micro and 

nonporous of substrate facilitate to enter liquid into it and 

superhydrophobic/superoliophilic property of substrate surface resist water and 

allows oil to enter into porous substrate. The various surface modified organic metal 

oxide nanoparticles are used to develop superhydrophobic surface on porous 

substrate. Among them SiO2 nanoparticles is promising material to preparation of 

superhydrophobic surface because of their cost-effectiveness and easy synthesis 

techniques.    This review focused on silica modified porous sponge, metal meshes, 

membrane and porous substrate for scalable oil-water separation application. 
 

KEYWORDS 
Superhydrophobic, Oil-water separation, porous sponge, Metal mesh and 

membrane. 

…………………………………………………………………………………………. 
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Frequent oil spill accidents and industrial chemical spills occurred in the sea and the 
ecosystem damage; such incidents have spread to impact the offspring. Therefore, 
considerable surviving organisms for several years after the impact [1-2] efforts have 
been done to remove oil and organic solvents from water.  Due to this extensive 
current research is focussed on the development of superhydrophobic materials for 
effective oil-water separation. To achieve superhydrophobic sponges, surface 
roughness and low surface energy materials play a crucial role. The various methods 
such as dip coating, immersion, spray coating; hydrothermal methods, chemical 
vapor deposition, surface etching, solvothermal methods, layer-by-layer assembly 
and electrochemical treatment describe a modification of sponges for oil and water 
separation [3-4]. At present, traditional technologies, including in situburning [5], 
bioremediation [6], chemical dispersant methods [7], skimming [8], and the use of 
sorbents [9] are used to clean up spilled oils or organic pollutants. However, many of 
these strategies involve energy intensive and slow processes, have low clean-up 
capacities or create secondary pollution during the clean-up process, restricting their 
widespread practical applications [10-11]. To realize the hierarchical structures on 
different material surfaces, a series of strategies, such as sol-gel coating [12], 
chemical vapor deposition [13], plasma etching [14], template processing [15], 
lithographic patterning [16], etc. have been adopted [17]. The superhydrophobic 
surfaces on which water achieves water contact angle higher than 150°and sliding 
angle less than 5°are attracting minds of researchers due to their efficient oil-water 
separation efficiency [18]. 

Recently, Wu et al. [19] have prepared a highly flexible superhydrophobic 
PDMS@F-SiO2 coating for self-cleaning and drag-reduction applications via a two-
step spraying of PDMS and F-SiO2 nanoparticles. However, it is common that 
inorganic particles normally tend to agglomerate due to the interparticle forces 
stemming from the Vander Waals, capillary and electrostatic forces [20], which leads 
to phase separation during the fabrication process and tends to diminish the quality of 
the coating through cracks or weak adhesive to the substrates. Gao et al. [21] 
prepared PVDF/SiO2 coated superhydrophobic porous membranes using a spraying 
technique. These membranes could be used to separate the oil-water mixtures but are 
not applicable to surfactant stabilized water-in-oil emulsions because of their large 
pore sizes. Li et al. [22] prepared the hydrophobic CS by incomplete combustion of 
hydrocarbons from the middle of a candle flame. The PU sponge was immersed in 
the solution of CS, SiO2 and PU resin to achieve stable superhydrophobicity. The 
CS-SiO2-PU sponge was shown excellent oil-water separation efficiency. The CS-
SiO2-PU sponge showed excellent oil-water separation efficiency from hot water, 
acidic solutions, alkaline solutions and salt solutions.  

In this review, the sophisticated, facile and low-cost methods for fabrication of 
superhydrophobic porous material for oil-water separation application are discussed. 
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The 3D sponges, metal meshes, membrane and cotton fabrics are used as substrate 
for scalable oil-water separation application.  

 

2. SUPERHYDROPHOBIC SURFACES FOR OIL-WATER SEPARATION 

2.1 Superhydrophobic Sio2 Modified Sponges for Oil-Water Separation 

Zhang et al. [23] have fabricated the superhydrophobic surface by using VTMS 
and SiO2 via immersion method. The schematic of preparation of superhydrophobic 
sponge is shown in Figure-1.  It was shown a water contact angle of 153.2° and roll-
on angle of 4.8°. The oil is quickly absorbed by superhydrophobic sponge which can 
be shown the superoliophilic property of a modified sponge. The IR peak at 1078 cm-

1 shows the presence of the O-Si-O bond present in the material. It was showing the 
high separation efficiency of about 99.5%. It exhibited good saturated adsorption 
properties exceeding 70 g/g for all oils. It was shows outstanding characteristics of 
superhydrophobic sponge such as high porosity, small pore size and ultra-light mass. 
After 20 cycles, it was found that the adsorption ability of the modified melamine 
sponge for different oils decreased slightly. It shows outstanding stability and 
reusable performance. The modified sponge maintains an 89% of recovery rate even 
after 20 cycles. This method was used to prepare porosity and provides storage space 
for the adsorption of oil pollution. This superhydrophobic composite melamine 
sponge provided the possibility for practical application of oil-water separation. 

 

Figure-1. Schematic illustration of the preparation of superhydrophobic sponge. 
Images reprinted from [23], with permission from Elsevier, Journal of Chemical 

Engineering, Copyright 2020. 
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Liu et al. [24]. have fabricated a superhydrophobic sponge and polyester coated with 
SiO2-DTMS through an entrapment method. The Figure-.2 reveals the fabrication 
process of superhydrophobic sponge and polyester The SiO2 particles were 
introduced by growth on the substrate through the polymerization process, followed 
by the addition of DTMS as an adhesive, leading to a homogeneous and dense 
superhydrophobic membrane. The modified sponge was shown the water contact 
angle up to 172° indicating the water repellence was superior. This superhydrophobic 
sample had good hydrophobic stability even in acidic condition and it can show 
efficient oil-water separation. The amount of the absorbed oil was about 43-65 times 
of sponge own weight can be shown that the evaluation of the mass based on 
absorbed surface tension, density, viscosity of absorbed liquids. It exhibits stable oil 
storage under harsh environmental conditions in oil-water separation. The 
performance remained constant after 100 recycling sequences, even in a harsh water 
environment. 

 
Figure-2. Schematic illustration of the fabrication of a modified sponge and 

polyester. Images reprinted from [24], with permission from Elsevier, 
Copyright 2019. 

2.2 Superhydrophobic Sio2 Modified Metal Meshes for Oil-Water Separation 

 Zhao et al. [25] have prepared superhydrophobic SiO2 nanoparticles by 
improved Stober method and then coated on a chemically etched stainless steel mesh 
by one step dipping method to fabricate superhydrophobic SiO2 coated stainless steel 
mesh. The preparation process was simple, efficient and environmentally friendly. 
The experimental procedure is shown in Figure-3. It shows excellent oil-water 
separation properties, which can be widely used in oil-water separation. It was 
showing 153.3° water contact angle and 0° oil contact angle. The oil-water 
separation efficiency was nearly 96% by using this modified stainless-steel mesh. 
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The separation efficiencies were obtained repeatedly even after 40 cycles without 
noticeable deterioration. The superhydrophobic modified stainless steel mesh shows 
stability, durability and reusability. The SiO2 modified stainless steel mesh indicates 
good material for treating real oil-polluted water in different practical applications. 
This method shows high performance, oil-water separation in a short time and 
repeatedly in comparison with earlier works. 

 
Figure-3. Schematic illustration of the preparation of FSSM. Images reprinted 

from [25], with permission from Elsevier, Copyright 2019. 

Xiong et al. [26] have prepared SiO2 nanoparticles by an improved modified 
method by using TEOS and then coated on a stainless-steel mesh by spraying method 
to fabricate SiO2 coated stainless steel mesh. The Figure-4 illustrates schematic of 
preparation of the superhydrophobic stainless-steel mesh. The preparation process 
was efficient, simple and environmentally friendly. It shows good mechanical 
properties and oil/water separation performance. It was showing 156.4° oil contact 
angle and less than 100water contact angles. The oil-water separation efficiency was 
nearly 98.69% by using this modified stainless-steel mesh. The separation 
efficiencies obtained repeatedly even after 20 cycles without noticeable deterioration. 
The superhydrophobic modified stainless stell mesh shows stability, durability and 
reusability. The SiO2 modified stainless steel mesh indicates excellent material for 
treating oil-polluted water in different practical applications. This method shows an 
easily scaled-up preparation process, stable mechanical and thermal properties, 
offering new prospects for efficient oil/water separationin comparison with earlier 
works. 
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Figure-4 (a) Schematic diagram illustrating the fabrication of air 

superhydrophilic-superoleophobic membrane. (b) Scheme of the oil/water 
separation. Images reprinted from [26], with permission from Elsevier, Journal 

of Colloid and Interface Science, Copyright 2021. 

2.3 Superhydrophobic Sio2 Modified Porous Substrates for Oil-Water 
Separation 

              Gu et al. [27] have prepared a membrane (SiO2/Polyurethane membrane) 
with porous structure rough surface and hydrophobic epidermis by surface 
modification to construct a rough surface and low-energy epidermis on electrospun 
polyurethane membrane. The schematic of experimental procedure is shown in 
Figure-5.  The superhydrophobic SiO2/PU porous membrane prepared by chemical 
modification on the membrane shows a water contact angle 152.1° and low sliding 
angle 6°. This membrane was used for different aqueous solutions like water, saline 
solution, alkaline solution acidic solution. The porous membrane shows low air 
permeability and high-water vapor transmission rate. It shown good oil absorption 
capacity. It was shows high oil-water separation efficiency above 98.5%. The 
absorption capacity of the modified membrane does not show severe degradation 
even after 30 separation cycles which indicating a highly stable absorption 
performance of modified membrane. It provided the potential for eater repellent, 
breathable applications and oil-water separation in long term use. 
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Figure-5. The preparation scheme of superhydrophobic SiO2/PU membrane. 

Images reprinted from [27], with permission from Elsevier, App. Sur. Sci. 
Copyright 2019. 

Wei and their co-researchers [28] have  obtained the SiO2 nanoparticles from ethanol 
and ammonium hydroxide with TEOS. TheSiO2 nanoparticles were isolated by 
repeated centrifugation in ethanol followed by drying in a vacuum oven. A facile 
strategy was presented to prepare silica particles grafting. The sprayable solution be 
easily applied to different porous substrates to achieve durable superhydrophobic 
coating (schematically shown in Figure-6). The surface shows a separation 
efficiency of 98.8% dealing with oil-water mixture. The oil absorption capacity of 
immersion coated polyurethane sponge was demonstrated higher than pristine 
polyurethane sponge an 39 g/g which would benefit from the presence of lipophilic 
PSAN and higher porosity contributed by abundant nanoparticles. After 10 cycles of 
abrasion test the remained separation efficiency of above 96% and water contact 
angle of 151° confirmed the mechanical durability. This sponge shows facile, 
environmentally friendly, mechanical and chemical stability. 
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Figure-6. Schematic illustration of preparation of modified superhydrophobic 
surface for oil-water separation. Images reprinted from [28], with permission 

from Elsevier, Copyright 2021. 

2.4 Superhydrophobic Sio2- Polymer Composite Based Membrane for Oil-
Water Separation 

Li and their co-workers [29] have fabricated the superhydrophobic surface by using 
PVDF and SiO2 via sugar template method. The schematic of preparation method is 
shown Figure-7. It was shown in a water contact angle of 155.68° and roll-on angle 
of nearly 6°. The prepared superhydrophobic PVDF oil/water separation membrane 
had low water adhesion performance and ultrahigh separation efficiency of nearly 
99.98% in terms of the oil purity in the filtrate. The recycling performance over 20 
cycles. This membrane has excellent potential for use in various large-scale practical 
applications, water purification treatment and the separation of commercially 
relevant emulsions. The possibility of large-scale production and low manufacturing 
costs of this sponge is very promising advantages for oil-water separation 
application. 
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Figure-7. Schematic illustration (A) and structural evolution (B) for the 
formation of adhesive-free superhydrophobic SiO2 nanoparticles decorated 

PVDF oil-water separation membranes [29]. Images reprinted from [29], with 
permission from Elsevier, Copyright 2018. 

Bai et al. [30] have coated cotton fabric by sol-gel processed SiO2 The as-prepared 
fabric was immersed in the solution of FeCl3, thiophene and CH2Cl2 solution. Then, 
the modified fabric was washed with ethanol and dry it. Figure-8 reveals the 
experimental procedure of preparation of superhydrophobic fabric. The modified 
fabric shows water contact angles above 160°. The strongest peak at 1050 cm-1 
belongs to the Si-O bond indicating that SiO2 particles have been coated on the 
cotton fabric. The modified cotton fabric shows outstanding resistance to ultraviolet 
irradiation, high temperature, low temperature, organic solvent, immersion and 
excellent durability even after 8 months. The as-prepared fabric was showing the 
capability in various chemical exposures. It was showing good anti-dirt and anti-frost 
properties. The modified superhydrophobic cotton fabric was used as filter 
membrane for the gravity driven oil-water separation with high separation efficiency 
and excellent reusability. By using, this modified cotton fabric, both immiscible and 
emulsified oil-water mixtures could be separated. The efficient oil-water separation 
was also achieved under harsh conditions. The superhydrophobic fabric shows 
potential for the fast, coat-effective treatment of oil spill accidents and industrial oily 
sewage. 
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Figure-8. Schematic Illustration of the fabrication process of the PTh/SiO2@CF 
[30]. Images reprinted from [30], with permission from Elsevier, Adv. Mater. 

Interfaces, Copyright 2021. 

3. CONCLUSION 

This review highlights, SiO2 nanoparticles are unique, their fabrication requires little 
control of external parameters such as surface modification. It is very beneficial 
economically, facile and straightforward to synthesize. The SiO2nanoparticles coated 
sponge/mesh has been developed by using SiO2nanoparticles and different polymers. 
The absorption/separation investigation demonstrates that, the SiO2surface is highly 
efficient and stable in absorbing a wide range of oil and organic solvents. It can be 
believed that, the SiO2coated superhydrophobic materials are very useful for oil-
water separation. It shows various tremendous results with SiO2-polymer composite 
in various mechanical conditions. Hence this review is helpful to upcoming 
researchers to develop highly scalable superhydrophobic surfaces for efficient oil-
water separation applications. 
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Pd(OAc)2/[C18–DABCO–C18]2Br: a nano palladium
catalytic approach for Mizoroki–Heck and
Suzuki–Miyaura coupling reactions in water†

Archana Rajmane,a Chunilal Pawara,bc Sumit Kamble,bc Utkarsh More,d Suresh Patile

and Arjun Kumbhar *a

In this study, we have successfully used a new catalytic system comprised of Pd(OAc)2 and [C18–

DABCO–C18]2Br (at a ratio of 1 : 10 mol%) for various types of C–C coupling reactions, including Mizor-

oki–Heck and Suzuki–Miyaura, in a water-based medium. The catalyst system was analyzed using TEM,

which revealed the presence of stable Pd nanoparticles (PdNPs) that were less than 5 nm in size and

were protected by a ‘‘Gemini’’ type [C18–DABCO–C18]2Br surfactant. X-ray photoelectron spectroscopy

(XPS) was used to determine the oxidation states of Pd. Our optimization study revealed that this cataly-

tic system was highly effective in coupling a range of aryl iodides and bromides with different olefins

and aryl boronic acids. The reactions were performed at 80–100 1C with K2CO3 as a base, and high

yields ranging from 80–93% were obtained. The selectivity of all reactions was excellent, ranging

from 92–100%, with a turnover number (TON) of 79.72–92.77 and a turnover frequency (TOF) of 0.997–

2.059 min�1. Similarly, the catalytic system was highly efficient in Suzuki–Miyaura coupling of various aryl

iodides and bromides with different aryl boronic acids, yielding good to excellent product yields (87–

95%) with TON of 86.86–94.84 and TOF of 1.996–3.161 min�1. One of the advantages of this catalyst is

that it can be recycled at least three times for Mizoroki–Heck coupling reactions with only a marginal

loss in product yields.

Introduction

Palladium-catalyzed coupling reactions have become an impor-

tant tool in organic synthesis, using various aryl and vinyl

halides and nucleophiles.1 Two prominent examples of

these reactions are the Mizoroki–Heck olefination2 and

Suzuki–Miyaura coupling, which enable the construction of

carbon–carbon bonds and the synthesis of new biomolecules,

compounds of theoretical interest, and organic polymers.3

Traditionally, these reactions have relied on the use of various

phosphines,4 amines,5 carbenes,6 and mixed ligands,7 but

recent research has focused on alternative ligand systems,

especially those that address issues of toxicity and sensitivity

to air and moisture. These new methods rely on environmen-

tally friendly protocols, particularly those involving water as a

solvent.8 Water is widely used in biological as well as many

chemical processes,9 but water-mediated cross-coupling reac-

tions usually require the use of toxic and air-sensitive phos-

phine ligands.10,11 As a result, there is a need for phosphine-

free catalysts, which can require low reaction temperatures.12

Therefore, the development of a new catalytic system for use

in organic reactions that is economically and environmentally

viable, works at low temperatures, and is free of phosphine

and ligands in aqueous media has garnered a lot of attention.

Although organic reactions in water have several advantages,13

the limited aqueous solubility of most neutral organic sub-

strates and functional group reactivity are the main obstacles to

water as a solvent in organic reactions. By adding common

additives such as tetrabutylammonium bromide, various poly-

mers, and ionic liquids, along with different Pd sources,14

remarkable rate enhancements have been achieved in these

cross-coupling reactions of aryl iodides in various solvents. The

formation of colloid PdNPs under the so-called ‘Jeffery condi-

tions’15 takes place in these catalytic systems. Despite all these
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developments, many of the catalytic systems still require polar

aprotic solvents. Recently, Pd catalysts in the form of Pd dispersions

containing PdNPs have gained increasing scientific interest for

many cross-coupling reactions.16 It is generally observed that the

activity and selectivity of PdNPs depend on the size and morphol-

ogy of PdNPs, as they show superior catalytic properties and do not

require ligands. Various strategies have been reported regarding

the development of nano-catalysts in water for Mizoroki–Heck and

Suzuki–Miyaura coupling reactions under environmentally sustain-

able conditions.17

In our previous research, we studied the development of Pd-

catalyzed coupling reactions using various Pd catalysts in

different reaction media, including biosurfactants and

hydrotropes.18 In this study, we present a new catalytic system

comprising Pd(OAc)2 and [C18–DABCO–C18]2Br (1 : 10 mol%)

that demonstrates outstanding efficiency and reusability in

Mizoroki–Heck and Suzuki–Miyaura coupling reactions con-

ducted in an aqueous medium. The Gemini-type surfactant

[C18–DABCO–C18]2Br
19 serves as a great stabilizing agent, allow-

ing Pd(OAc)2 to act as a source of Pd nanoparticles (PdNPs).

This catalytic system facilitates the coupling of various aryl

iodides and bromides with different nucleophiles, using K2CO3

as a base and operating at 80 1C. The reactions provide the

desired products in good to excellent yields, exhibiting excep-

tional selectivity and short reaction times. We evaluated the

stereoselectivity of the catalytic system by calculating E/Z ratios,

confirming its favorable tendency towards the formation of the

E-isomer (92–100%) in Mizoroki–Heck coupling reactions.

Results and discussion
1. Synthesis of [C18–DABCO–C18]2Br

The diquaternization of the DABCO with 1-bromooctadecane in

ethyl acetate at 60 1C provided about 97% yield of the [C18–DABCO–

C18]2Br as reported in the literature procedure (Scheme 1).20

The obtained DABCO salt could be easily soluble in water

and various organic solvents like MeOH, CHCl3, acetone, DMF,

and DMSO, that further characterized and confirmed using
1H NMR, 13C NMR, and HR-MS (Fig. 1).

2. Study of micellization behavior of prepared [C18–DABCO–

C18]2Br in aqueous solution

The micellization behavior of the pure [C18–DABCO–C18]2Br in

an aqueous solution was studied using conductivity and UV-

absorption measurements.

(a) Conductivity measurements. The conductivity method

provides reliable information regarding the micellization beha-

vior of the surfactants before and after the formation of

micelles. The concentration above which the surfactant

changes its behavior in physical and spectral properties is

known as critical micelle concentration (CMC).21a In the

current study, we measured the CMC of pure dimeric [C18–

DABCO–C18]2Br in an aqueous solution. The graph for con-

ductance measurements concerning the concentration of

aqueous pure [C18-DABCO-C18]2Br at 298.15 K is shown in

Fig. 2.

Conductance measurements based on the Onsager theory of

electrolyte conductivity revealed a change in slope between the

pre- and post-micellar regions, indicating the formation of

micelles. The intersection point of the two straight lines

representing the critical micelle concentration (CMC) of the

surfactants was also observed.21b The slope after reaching the

CMC decreased, suggesting the presence of micelles. The

determined CMC of pure [C18–DABCO–C18]2Br at 298.15 K

was found to be 0.027 mM, which is in good agreement with

the CMC of the dimeric surfactant [C16–C3–C16] (0.025 mM).

Notably, the CMC of the pure dimeric [C18–DABCO–C18]2Br was

much lower than that of the single-chain [C18-DABCO]Br sur-

factant (1.15 mM).22a This significant difference in CMC values

may be attributed to the increased surface activity and

enhanced hydrophobic–hydrophobic interactions observed in

dimeric surfactants.22b

(b) UV-Vis absorption study. The dye-solubilization method

is used for this study which works on the principle of the

solution polarity. To study the micellar behavior of [C18–

DABCO–C18]2Br in an aqueous solution we used methyl orange

as an anionic dye (MO) for the UV-visible measurements due to

the cationic nature of the surfactant.

The absorption spectra, obtained by plotting the absorbance

versus wavelength, were recorded for aqueous solutions of

MO dye with varying concentrations of [C18–DABCO–C18]2Br

surfactant, as shown in Fig. 3. The absorption peak for pure

MO dye (without the addition of surfactant) was observed

at a wavelength of lmax 465 nm. Upon increasing the concen-

tration of the surfactant, a noticeable shift in the absorption

peak towards shorter wavelengths (hypsochromic shift or

higher frequency) was observed. This shift can be attributed

to the association of dye molecules with surfactant monomers,

leading to a decrease in the local polarity around the dye

molecules. In the micellar pseudo-phase, the dye molecules

become solubilized, resulting in a decrease in absorbance.

In the presence of the surfactant, the lmax for the methyl

orange dye shifted from 465 nm to 370 nm. This shift

suggests that the dye molecules are either solubilized or

incorporated into the core of the surfactant molecules. Addi-

tionally, the intensity of the absorption peak decreases as the

concentration of the surfactant is increased. This intensity

reduction may be attributed to interactions between the sur-

factant and dye molecules, specifically hydrophobic–hydropho-

bic interactions occurring between the dye and surfactant

molecules.Scheme 1 Synthesis of [C18–DABCO–C18]2Br.
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Fig. 4 illustrates the absorbance values obtained for different

concentrations of pure [C18–DABCO–C18]2Br in an aqueous

solution at 298.15 K.

The CMC of [C18–DABCO–C18]2Br was determined by iden-

tifying the intersection point of two lines. The CMC of [C18–

DABCO–C18]2Br was found to be 0.039 mM, which again

approved with the reported literature value for the dimeric

surfactant [C16–C3–C16] (0.025 mM). Importantly, the CMC of

the pure dimeric [C18–DABCO–C18]2Br surfactant was signifi-

cantly lower than that of the single-chain [C18-DABCO]Br

surfactant (1.15 mM). This difference in CMC values can be

attributed to the increased surface activity and enhanced

hydrophobic–hydrophobic interactions observed in dimeric

surfactants.23

At first, surfactant molecules are spread out in water. How-

ever, as the concentration of surfactant increases, the hydro-

phobic chains start interacting with each other, causing the

surfactant molecules to form small clusters. These clusters are

precursors to micelles, which are larger and well-defined. In

micelles, the hydrophobic tails of the surfactant molecules are

Fig. 1 Spectra of [C18–DABCO–C18]2Br; (A)
1H NMR, (B) 13C NMR and (C) HR-MS spectrum.

Fig. 2 Conductometric profile of pure [C18–DABCO–C18]2Br in aqueous

solution at 298.15 K.

Fig. 3 The absorption spectra of methyl orange dye of pure [C18–

DABCO–C18]2Br in aqueous solution at 298.15 K. The c(MO) is 1.15 �

10�4 M.
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protected from the water, while the hydrophilic headgroups

face the solvent, which makes the arrangement of surfactant

molecules in the water a stable one. Micelles can effectively

dissolve hydrophobic compounds, such as dye molecules,

which results in a decrease in absorbance intensity. The

micellization process is facilitated by the interactions between

dye–surfactant and hydrophobic–hydrophobic compounds,

which play significant roles in the formation and stability of

micelles.

The CMC value by using the conductivity method is

0.025 mM and by UV-visible measurements is 0.039 mM. This

may be due to that in UV-visible measurements we use methyl

orange dye for CMC determination and due to the dye–surfac-

tant interaction the CMC values are different by UV-visible

measurements.

3. Applications of Pd(OAc)2/[C18–DABCO–C18]2Br

(a) Mizoroki–Heck coupling reactions. The Mizoroki–Heck

reaction, which was discovered in the early 1970s,24 is a highly

effective catalytic tool for developing carbon–carbon bonds. It

has remarkable versatility in accommodating various func-

tional groups.25

To optimize the reaction conditions, a model reaction was

conducted using 3-nitro-iodobenzene and methyl acrylate in

the presence of a Pd(OAc)2/[C18–DABCO–C18]2Br catalytic sys-

tem in water. (Scheme 2).

We used a simple in situ method to prepare colloidal PdNPs.

First, we suspended Pd(OAc)2 and [C18–DABCO–C18]2Br in

water and then reacted them with 3-nitro-iodobenzene

and methyl acrylate in the presence of K2CO3 as a base.

Adding Pd(OAc)2 directly to water caused the formation of

heterogeneous phases, making it insoluble. However, combin-

ing 1 mol% Pd(OAc)2 with 10 mol% [C18–DABCO–C18]2Br in

water resulted in a stable dispersion with a yellow color (Fig. 5A

and B). Stirring the reaction mixture at 100 1C turned the

solution into a wine-red color. This color change is likely due

to the formation of colloidal PdNPs, stabilized by an excess of

ammonium ions present in [C18–DABCO–C18]2Br, as shown in

Fig. 5C.26

The collolidal wine-red colored reaction mixture27 was ana-

lyzed using TEM at various time intervals: (a) 2 minutes

(Fig. 6A), (b) 30 minutes (Fig. 6B), and (c) 45 minutes

(Fig. 6C) after the product was extracted. The TEM analysis

clearly showed the uniform distribution of PdNPs, which had a

particle size smaller than 5 nm.

The EDS spectrum of the PdNPs present in the reaction

mixture after 2 min (Fig. 7) showed signals for Pd, which

indicates the presence of substantial amounts of Pd in reaction

mixture.

To study the change in oxidation states of Pd present in the

reaction mixture the high-resolution XPS spectra (Fig. 8) of the

Pd 3d were recorded after (a) 2 min, (b) 30 min, and (c) after

extraction of the product (45 min) respectively. The XPS spec-

trum displayed two peaks with binding energies at 336.2 eV and

341.5 eV, corresponding to Pd 3d5/2 and Pd 3d3/2. The spin–

orbit coupling results in a binding energy (B.E) difference of

5.2 eV between the Pd 3d5/2 and 3d3/2 orbitals attributed to the

spin–orbit interaction. The observed binding energy (B.E)

values for Pd (336.2 eV) do not precisely correspond to the

B.E value for Pd0 (335.1 eV), suggesting that the oxidation state

of Pd falls within the range of 0 to +2 in all three samples.28,29

The impact of the quantity of [C18–DABCO–C18]2Br was

examined in controlled experiments. No conversion was

observed when the reaction was initiated without the use of

[C18–DABCO–C18]2Br, even after extending the reaction time for

120 minutes (Table 1, entry 1). However, the addition of [C18–

DABCO–C18]2Br (1 to 10 mol%) resulted in a consistent

Fig. 4 Absorbance versus concentration of pure [C18–DABCO–C18]2Br

surfactants in aqueous solution at 298.15 K.

Scheme 2 Pd(OAc)2/[C18–DABCO–C18]2Br for the ligand-free Mizoroki–

Heck coupling reaction.

Fig. 5 Observations of reaction mixture: (A) Pd(OAc)2 in neat water

(heterogeneous appearance); (B) Pd(OAc)2/[C18–DABCO–C18]2Br in

water; (C) reaction mixture at t = 2 min; and (D) aqueous phase containing

catalyst after extraction of the product at t = 45 min.
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increase in the yield, up to 94% after 45 min (Table 1, entries 2–

4). In general, using 10 mol% of [C18–DABCO–C18]2Br in pure

water was adequate to achieve satisfactory conversions, while

increasing the concentration to 15 mol% did not significantly

improve the yield under otherwise identical conditions

(Table 1, entry 5). Interestingly, the trans selectivity increased

from 92% to 96% as the quantity of [C18–DABCO–C18]2Br

increased from 1 mol% to 5 mol% (Table 1, entry 2 and 3),

but later increases in the quantity only marginally affected the

selectivity (Table 1, entry 4 and 5).

Different bases and amounts of K2CO3 were tested in a

model reaction. No product was observed when no base was

used (Table 1, entry 6). The use of 1 mmol of K2CO3 gave the

highest yield (Table 1, entry 4). Increasing the amount of K2CO3

did not improve the yield or reaction time (Table 1, entry 8).

Among the tested bases, K2CO3 was the most effective in

Fig. 6 TEM images of reaction mixture; (A) after 2 min, (B) after 30 min,

and (C) after 45 min.

Fig. 7 EDX spectrum of reaction mixture after 2 min. Fig. 8 XPS analysis of reaction mixture; (a) after 2 min, (b) after 30 min,

and (c) after 45 min (extraction of product).
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activating the reactant. However, NaOAc was highly inactive,

resulting in only 46% conversion even after 120 minutes of

reaction time (Table 1, entry 9). Although KOH showed a

lower yield (70%) and longer reaction time (120 min), it

exhibited the highest selectivity (99% E-isomer) (Table 1,

entry 10). K3PO4 showed good yield (85%) but the lowest

selectivity (89% E-isomer) among the tested bases (Table 1,

entry 11).

In a study on Mizoroki–Heck coupling reactions,30 the

impact of temperature was investigated by maintaining the

ratio of Pd(OAc)2/[C18–DABCO–C18]2Br (1 : 10 mol%) constant

with K2CO3 as a base in water at four different temperatures.

The results showed that temperature played a crucial role in

catalyst activation, as no reaction was observed at 60 and 80 1C

(Table 2, entries 1 and 2). However, at 100 1C, an excellent

conversion was achieved within 45 minutes (Table 2, entry 3).

Further increasing the temperature to 120 1C did not result in

significant improvements in yield or selectivity (Table 2,

entry 4).

The impact of the amount of Pd(OAc)2 was examined by

maintaining the amount of [C18–DABCO–C18]2Br at 10 mol%

and reaction temperature at 100 1C. The results showed that

1.0 mol% of Pd(OAc)2 was highly efficient, providing almost

complete conversion with consistent selectivity. Though the

maximum Turnover Number (TON) 115.94 was obtained for

0.5 mol% Pd(OAc)2 (Table 2, entries 5), 1 mol% Pd(OAc)2 was

found to be best in terms of product yield (Table 2, entries 3).

Thus, 1 mol% Pd(OAc)2, 1 mmol K2CO3, and 10 mol% [C18–

DABCO–C18]2Br in water at 100 1C is considered as optimum

reaction condition for exploration of next study.

To showcase the versatility and wide applicability of the

developed protocol, different aryl halides were subjected to

coupling reactions with various acrylates under optimized

reaction conditions. The reaction conditions were as follows:

aryl halides (1.0 mmol), acrylates (1.1 mmol), K2CO3 (1.0 mmol),

Pd(OAc)2 (1 mol%), [C18–DABCO–C18]2Br (10 mol%), water (5.0

mL) at 100 1C. The desired products were obtained with good to

excellent yields and showed high selectivity. Substrates that

contained electron-donating groups exhibited slightly lower

yields, which could be improved by extending the reaction

time.31 Additionally, it was observed that aryl iodides displayed

higher reactivity compared to aryl bromides. Notably, the para-

substituted compounds consistently yielded almost 100% of

the E-isomer (Table 3).

(b) Suzuki–Miyaura coupling reactions. The successful

outcomes achieved through Mizoroki–Heck coupling reactions

motivated us to extend the applicability of the developed catal-

ytic system to Suzuki–Miyaura coupling reactions. Suzuki–

Miyaura coupling reaction is widely known for its efficiency

in carbon–carbon bond formation and compatibility with dif-

ferent functional groups.32,33 In this study, we explored the

potential of our protocol for the Suzuki–Miyaura coupling

reaction using various aryl iodides and bromides with aryl

boronic acids in an aqueous environment with K2CO3 as the

Table 1 The effect of [C18–DABCO–C18]2Br and base in Mizoroki–Heck coupling reactiona

Entry [C18–DABCO–C18]2Br (mol%) Base (mmol) Time (min) Yieldb (%) TON TOF (min�1)

Selectivityc (%)

E Z

1 — K2CO3 (1.0) 45 Trace — — — —
2 1 K2CO3 (1.0) 45 81 80.67 1.792 92 8
3 5 K2CO3 (1.0) 45 81 80.67 1.792 96 4
4 10 K2CO3 (1.0) 45 94 93.71 2.082 96 4
5 15 K2CO3 (1.0) 45 94 93.71 2.082 97 3
6 10 Base-free 120 — — — — —
7 10 K2CO3 (0.5) 120 45 44.92 0.374 94 6
8 10 K2CO3 (1.5) 45 94 93.71 2.082 97 3
9 10 NaOAc (1.0) 120 56 55.55 0.462 96 4
10 10 KOH (1.0) 120 70 69.56 0.579 99 1

a All the reactions were carried out using 3-nitro-iodobenzene (1.0 mmol), methyl acrylate (1.10 mmol), base (1–1.5 mmol), Pd(OAc)2 (1 mol%),
[C18–DABCO–C18]2Br (1–10 mol%) in water (5.0 mL) at 100 1C under air. b By HPLC. c By HPLC.

Table 2 The influence of temperature and amount of catalyst in the Mizoroki–Heck reactiona

Entry Pd(OAc)2 (mol%) Temperature (1C) Time (min) Yieldb (%) TON TOF

Selectivityc (%)

E Z

1 1.0 60 120 — — — — —
2 1.0 80 120 — — — — —
3 1.0 100 45 94 93.71 2.082 89 97
4 1.0 120 45 94 93.71 2.082 90 96
5 0.5 100 60 58 115.94 1.932 58 98
6 1.0 100 45 89 88.88 1.975 89 96
7 2.0 100 45 95 47.34 1.052 91 95

a All the reactions were carried out using 3-nitro-iodobenzene (1.0 mmol), methyl acrylate (1.1 mmol), K2CO3 (1.0 mmol), Pd(OAc)2 (1 mol%), [C18–
DABCO–C18]2Br (10 mol%) in water (5.0 mL) at 60–120 1C under air. b By HPLC. c By HPLC.
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base, in Pd(OAc)2/[C18–DABCO–C18]2Br catalyst at 80 1C. The

results, presented in Table 4, demonstrate that all tested

substrates could be easily converted into the expected products

with yields ranging from 80% to 95%, achieved within a

reaction time of 30 to 60 minutes.

Recycling study

The lifetime and reusability of a catalyst are essential for its

practical applications. To evaluate the recyclability of the

Pd(OAc)2/[C18–DABCO–C18]2Br system, consecutive Mizoroki–

Heck coupling reactions were carried out using 3-nitro-

Table 3 A substrate scope for Mizoroki–Heck reaction using Pd(OAc)2/[C18–DABCO–C18]2Br
a

Entry Aryl halides Products Time (min) Yieldb (%) TON TOF (min�1) E/Zc

1 50 92 91.85 1.837 100/0

2 45 93 92.67 2.059 100/0

3 65 80 79.72 1.226 100/0

4 65 82 81.63 1.255 100/0

5 50 91 90.82 1.816 100/0

6 60 83 82.63 1.377 100/0

7 50 90 89.83 1.796 100/0

8 65 85 85.00 1.307 100/0

9 60 89 88.96 1.482 100/0

10 50 93 92.77 1.855 88/12

11 90 90 89.74 0.997 88/12

12 80 88 87.61 1.095 100/0

13 80 87 86.66 1.083 100/0

a All the reactions were carried out using aryl halides (1.0 mmol), acrylates (1.1 mmol), K2CO3 (1.0 mmol), Pd(OAc)2 (1 mol%), [C18-DABCO-C18]2Br
(10 mol%) in water (5.0 mL) at 100 1C under air. b Isolated yield. c By HPLC.
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Table 4 Scope of Pd(OAc)2/[C18–DABCO–C18]2Br catalytic system for Suzuki–Miyaura coupling reactiona

Entry Aryl halides Arylboronic acids Products Time (min) Yieldb (%) TON TOF (min�1)

1 30 95 94.84 3.161

2 45 90 89.89 1.997

3 45 91 90.64 2.014

4 40 88 87.91 2.197

5 35 87 86.86 2.481

6 35 90 89.88 2.568

7 40 92 91.54 2.288

8 30 93 92.91 3.097

9 45 90 89.82 1.996

10 40 91 90.88 2.272

a All the reactions were carried out using aryl halides (1.0 mmol), aryl boronic acids (1.1 mmol), K2CO3 (2.0 mmol), Pd(OAc)2 (1 mol%), [C18–
DABCO–C18]2Br (10 mol%) in water (5.0 mL) at 80 1C under air. b Isolated yield.
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iodobenzene and methyl acrylate. After the fresh reaction

product was separated from the reaction mixture with ethyl

acetate extraction, the aqueous phase containing the catalyst

was used for the subsequent reaction cycle without any addi-

tional treatment. The catalytic system could be effectively

recovered and reused for at least three cycles, with a decrease

in product yields from 94–80%, which could be attributed to

the handling loss of the catalysts. However, the E/Z selectivity

was not significantly impacted (Fig. 9).

Conclusion

Conclusively, our study successfully demonstrated the synth-

esis and characterization of a novel Gemini-type diquaternized

DABCO surfactant which further stabilized PdNPs as depicted

in TEM and XPS studies and designated as Pd(OAc)2/

[C18–DABCO–C18]2Br. The catalytic system provides a straight-

forward and efficient approach for synthesizing diversely

functionalized acrylates through ligand-free Mizoroki–Heck

cross-coupling reactions in an aqueous medium at 100 1C.

Additionally, we also demonstrated the effectiveness of this

method for ligand-free Suzuki–Miyaura cross-coupling reac-

tions under similar reaction conditions. The Mizoroki–Heck

reactions exhibited remarkable Turnover Numbers (TON) ran-

ging from 79.72 to 92.77, and Turnover Frequencies (TOF)

ranging from 0.997 to 2.059 min�1. Similarly, the Suzuki–

Miyaura reactions displayed TON values of 86.86 to 94.84 and

TOF values of 1.996 to 3.161 min�1. This methodology offers

notable environmental advantages, including shorter reaction

times, mild reaction conditions, high product yields, excellent

selectivity, and operational simplicity. Furthermore, the cataly-

tic system showcased reusability for at least four runs, although

with slightly decreased product yields while maintaining selec-

tivity. This research contributes to the development of efficient

and sustainable catalytic systems and provides promising

avenues for future applications.
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Abstract  

The present work involved ultrasound promoted KI-Oxone mediated oxidative C-N 

bond formation from reaction of β-keto ester and 2-aminopyridines leading to novel functional 

imidazo[1,2-a]pridine-3-carboxylates (IPCs). The α-halogenation of β-keto ester have been 

easily carried out by in situ formed I+ OH- species from KI-Oxone system. All derivatives were 

characterized by IR, NMR and mass spectra. The structure of the synthesized IPCs was 

confirmed by X-ray crystallographic analysis. Transition metal free protocol, one pot synthesis, 

non-toxic reagents, benign reaction conditions, high yield, short reaction time and synthesis of 

highly functional IPCs are the remarkable features of the present method. The synthesised IPCs 

shows remarkable antitubercular activity.   

Keywords 

Oxone, Ultrasound irradiation, β-ketoester, 2-aminopyridine, KI, IPCs 

Introduction  

Heterocyclic scaffolds especially fused N-heterocyclic structures are promising 

building blocks in various bioactive, natural and synthetic products. [1] Construction of 

substituted N-heterocycles therefore considered as immortal platform and thus, continuous 

effort have been made for their advancement. [2] The main objective in advancement was to 

develop hybrid molecules where two or more new potent small bioactive heterocyclic scaffolds 

are assembled in a single molecule which possessing multiple or combined biological activities. 

[3-5] 

Imidazo[1,2-a]pyridines are very important heterocycles which have been found to be 

the core scaffold of many natural products and drugs [Fig. 1]. They have received considerable 

DELL
Highlight



interest form the pharmaceutical industry because of their important biological activities and 

interesting therapeutic properties [6] including antibacterial [7], antifungal [8], antiviral [9], 

antiulcer [10], and anti-inflammatory behaviour [11].  

 

 
 

 

Zolimidine Olprinone Saripidem 
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Fig. 1: The drugs containing imidazo[1,2-a]pyridine skeleton 

Several synthetic methodologies have been developed to access functionalized 

imidazo[1,2]pyridine derivatives using condensation, tandem reaction, multicomponent 

strategy, intramolecular C–H amination, oxidative coupling. Among them, the common 

approaches were cyclocondensations of 2-aminopyridines with α-halocarbonyl compounds 

[12], 1,3-dicarbonyl compounds [13], nitroolefins or alkynes [14], tandem imine formation-

oxidative cyclization of 2-aminopyridine with ketone [15] /alkyne [16] /diketone[17] /chalcone 

[18] multicomponent coupling of 2-aminopyridine, aldehyde, and ketone [19]/alkyne [20] 

/isonitrile [21] /nitroalkane [22]. In most of the strategies imidazo[1,2-a]pyridines were 

achieved through transition metal catalysed coupling reactions and generated highly functional 

derivatives. However, transition metal free approaches are commonly preferred in view of 

benign and green synthetic methodology.  

The development of an efficient catalytic oxidizing systems where only a catalytic 

amount of hypervalent iodine (III) reagent is required are focused as they provide 

environmental and economic advantages. These reagents can be generated in situ used with 

another cheap and nontoxic oxidant. [23] The hypervalent iodine(III) reagents such as 

(diacetoxyiodo)benzene (DIB), phenyliodine diacetate (PIDA), iodosobenzene diacetate (IBD 

or IBDA), [bis(trifluoroacetoxy)iodo]benzene and phenyliodine bis(trifluoroacetate) (PIFA) 

are very useful oxidants in organic synthesis. [24] The most highlighted application of 

hypervalent iodine (III) reagents is the α-functionalization of carbonyl groups. These strategies 



involved the α-acetoxylation and α-tosylation of ketones using PIDA and HTIB as the oxidant, 

respectively. [25] The reagent for synthesis of α- tosyloxy ketones is the combination of 

iodosylbenzene and 4- toluenesulfonic acid. [26] The α-halogenated functional carbonyl 

groups were reacts with 2-aminopyridines to afford substituted imidazo[1,2-a]pyridines. The 

synthesis of imidazo[1,2-a]pyridine-3-carboxylate from hypervalent iodine (III) catalysed α-

halogenated β-ketoester with 2-amino pyridine is practically convenient method however, there 

are many drawbacks of such hypervalent iodine catalysts viz. low solubility and stability, 

explosive nature, expensive and light weight. [27-28] We explored herewith ultrasound 

promoted utility of KI-Oxone as catalyst for an efficient synthesis of imidazo[1,2-a]pyridine-

3-carboxylates from the reaction of 2-amino pyridine with β-ketoester.  

Result and discussion 

The study was instigated by investigation of reaction conditions performing reaction of 

ethyl acetoacetate (1a), 2-aminopyridine (2a) in presence of KI-Oxone under ultrasonication as 

model reaction. Initially, the reaction was performed without solvent to check the effect of 

solvent, which revealed that suitable solvent must be required [Table 1, entry 1] In acetonitrile 

45 % yield of desired product was obtained. [Table 1, entry 2] The use of acetone, THF, DMF 

and 1,4-dioxane as solvents at 50 oC led to not formation of products. (Table 1, entries 3-6) 

Protic solvents viz. H2O, EtOH and MeOH were found to be less suitable to form desired 

product. (Table 1, entries 7-9) In DCM low yield was obtained. [Table 1, entry 10] Considering 

the yield in ethanol and water, we tested EtOH:H2O (1:1) mixed solvent system to model 

reaction. Surprisingly, 80 % yield was obtained within 30 min only.  [Table 1, entry 11] The 

reaction was also performed at room temperature to check the effect of temperature which 

resulted excellent yield of desired product in 22 min only. [Table 1, entry 12] The reaction was 

subjected at high amount of KI-Oxone equivalent such as 1.5, 2.0 and 3.0 however, no 

appreciable change in yield was obtained. (Table 1, entries 13-15) Further the reaction was also 

performed at 80 oC which gave 89 % yield. [Table 1, entry 16] In absence of KI-Oxone the 

reaction preceded with no formation of product. [Table 1, entry 17] Thus it was concluded that 

KI-Oxone (1.0 equiv) at room temperature in EtOH:H2O (1:1) under ultrasonication were the 

optimal reaction conditions.  

 

 

 

 



Table 1: Optimization of reaction conditions for synthesis of imidazo[1,2-a]-pyridine-3-

carboxylates 

 

Entry KI-Oxone 

(equiv.) 

Solvent Temp  

(oC) 

Time  

(min) 

Yieldb  

(%) 

1 1.0 - 50 60 16 

2 1.0 MeCN  50  45 45 

3 1.0 Acetone 50 60 NR 

4 1.0 1,4-dioxane 50 45 NR 

5 1.0 THF 50 60 NR 

6 1.0 DMF 50 60 NR 

7 1.0 H2O 50 45 68 

8 1.0 EtOH 50 45 66 

9 10 MeOH 50 45 46 

10 1.0 DCM 50 60 44 

11 1.0 EtOH:H2O (1:1) 50 30  80 

12 1.0 EtOH:H2O (1:1) rt 22 94 

13 1.5 EtOH:H2O (1:1) rt 30 92 

14 2.0 EtOH:H2O (1:1) rt 30 91 

15 3.0 EtOH:H2O (1:1) rt 60 64 

16 1.0 EtOH:H2O (1:1) 80 30 86 

17 00 EtOH:H2O (1:1) rt 60 NR 

The bold values represent the best reaction conditions 
aReaction conditions: a reaction mixture of β-ketoester (1a) (1 mmol, 1 equiv) and 2-aminopyridines 

(2b) (1 mmol, 1 equiv) with KI-Oxone  (1equiv),  solvent (3ml), ultrasonication. 
bIsolated yields 
NRNo reaction  

 

The generality of the present methodology was extended employing optimized reaction 

conditions. For synthesis of highly functional imidazo[1,2-a]-pyridine-3-carboxylates diverse 

alkyl or aryl substituents at the keto moiety of β-ketoester were treated with simple and 

substituted 2-amino pyridines (Scheme 1). The reaction of ethyl acetoacetate with 2-

aminopyridine and 3-methyl-2-aminopyridine furnished excellent yield in short reaction time. 

(Table 2, entries 1-2] Methyl benzoylacetate, an aromatic functional β-ketoester on reaction 

with 2-aminopyridine and 3-methyl-2-aminopyridine resulted 92 and 91 % yields, respectively. 

(Table 2, entries 3-4) Further the generality was extended for synthesis of novel derivatives of 

imidazo[1,2-a]-pyridine-3-carboxylates using bulky substitution on keto moiety. High yields 



were obtained for the reaction of tert-butyl substituted β-ketoester with 2-amino pyridine and 

3-methyl-2-aminopyridine. (Table 2, entries 5-6) A heterocycle substituted β-ketoester 

furnished 90 to 92 % yields of desired products. (Table 2, entry 7-8). Cyclopropyl 

functionalized β-ketoester also gave remarkable yields with 2-aminopyridine derivatives. 

(Table 2, entries 9-10) Overall, alkyl, aryl, tert-buryl, thiophenyl and cyclo-propyl substituted 

β-ketoester furnished high yield of imidazo[1,2-a]-pyridine-3-carboxylates by reaction with 

simple and alkyl substituted 2-aminopyridine. 

Scheme 1: Synthesis of imidazo[1,2-a]-pyridine-3-carboxylates 

 

Table 2: Library of synthesized imidazo[1,2-a]-pyridine-3-carboxylates 

 

  

N

N

O

O

Ph

Me

  

1, 22 min, 94 % 2, 25 min, 92 % 3, 25 min, 92 % 4, 28 min, 91 % 

 

 
 

 

5, 25 min, 92 % 6, 30 min, 91 % 7, 28 min, 92 % 8, 30 min, 90 % 

 
 

9, 30 min, 93 % 

 
    10, 28 min, 92 %  

 

 

  

X‑Ray Crystallography  

The data were collected at 100 K and the thermal ellipsoid drawn at 50% probability 

level. For this the purified compound 3e is dissolved in a mixed solvent of dichloromethane 

and hexanes to slowly evaporate which resulted the formation of colourless crystals. ORTEP 



diagram of the molecule (Fig. 2) in a crystal of 3e displacement ellipsoids are drawn at 50 % 

probability level and H atoms are shown as small spheres of arbitrary radii (CCDC no. 

1982684). The crystallography data confirms the formation the structure of synthesized product 

(3e) and literature reveals the absence of the crystallographic data of the present molecule (3e).  

 

Fig. 2: Crystallographic structure of 3e 

The plausible mechanism for synthesis of imidazo[1,2-a]-pyridine-3-carboxylates is 

depicted in figure 2. Under ultrasonic irradiation, the halide (I-) is released initially from iodide 

source and can be reoxidized by oxone resulted in situ generation of halogenated species. 

(I+OH-). The α-iodination of tautomeric enol form of β-ketoester stabilized by intramolecular 

hydrogen bonding furnish 3-iodo β-ketoester (3). The nucleophilic addition of 2-aminopyridine 

(2) under tandem oxidative annulation strategy with intermediate 3 affords intermediate 4 by 

releasing halide (I-) which can be reoxidized by oxone to generate the electrophile (I+) . 

Subsequent intramolecular nucleophilic addition of 4 provided intermediate 5. Finally, the 

proton transfer followed by subsequent dehydration and dehydrogenation produced final 

product Imidazo[1,2-a]pyridine (6).     



 

Fig. 3: Plausible mechanism for synthesis of imidazo[1,2-a]-pyridine-3-carboxylates 

Antitubercular activity of imidazo[1,2-a]-pyridine-3-carboxylates  

The synthesized imidazo[1,2-a]-pyridine-3-carboxylates (3a-3j) were screened against 

anti-tubercular bioassay. The results confirmed that, all the compounds illustrate activity at 

concentrations of 100µg/ml, 50µg/ml, 25 µg/ml, 12.5 µg/ml, 6.25 µg/ml, 3.12 µg/ml, 1.6 µg/ml 

and 0.8µg/ml (Table 3). Among the mentioned derivatives 3b, 3f and 3j shows effective activity 

at 1.6 µg/ml against Mycobacterium tuberculosis H37RV strain. The study revealed that, 

electron-donating substituents at 2-position of imidazo[1,2-a]pyridine ring, are important for 

good activities. However the electron-withdrawing groups at 2-position of substituted analogue 

compounds produced moderate inhibitory activity against MTB Mycobacterium tuberculosis.  

Table 3 : Antitubercular activity of of imidazo[1,2-a]-pyridine-3-carboxylates 

Entry 100 

µg/ml 

50 

µg/ml 

25 

µg/ml 

12.5 

µg/ml 

6.25 

µg/ml 

3.12 

µg/ml 

1.6 

µg/ml 

0.8 

µg/ml 

3a S S S S S S S R 

3b S S S S S S S R 

3c S S S S S S S R 

3d S S S S S S S R 

3e S S S S S S S R 

3f S S S S S S S R 

3g S S S S S S R R 



3h S S S S S S R R 

3i S S S S S S S R 

3j S S S S S S S R 
S- Sensitive, R- Resistance 

Standard Strain used:   

Mycobacteria tuberculosis (Vaccine strain, H37 RV strain): ATCC No- 27294.  

Standard values for the Anti-Tb test which was performed.  

Pyrazinamide-3.125µg/ml, Ciprofloxacin-3.125µg/ml, Streptomycin- 6.25µg/ml 

 

Experimental 

General 

All aminopyridines, Ketoesters, oxone, KI and other chemicals were commercially 

obtained and used without further purification. IR spectra were recorded with IRAffinity-1 

SHIMADZU instrument. The NMR spectra were recorded on AV 400 Bruker (400 MHz for 

1H NMR and 100 MHz for 13C NMR) spectrometer using TMS as an internal standard in CDCl3 

as solvent. The chemical shift (δ values) are expressed in parts per million (ppm) and coupling 

constants (J) are expressed in hertz (Hz). Mass spectra were recorded on a Perkin Elmer Clarus 

600 mass spectrometer using EI ionization. Microwave Irradiations were carried out in a 

Microwave Synthesizer System (850 W power; Cata R System).  

General procedure for synthesis of imidazo[1,2-a]-pyridine-3-carboxylic acid esters: 

KI-Oxone (1.0 equiv)  was  slowly  added  to  a  well  stirred  solution  β-ketoester (1 

mmol) and 2-aminopyridines (1 mmol) in  ethanol:H2O (3ml)  and  the  reaction  mixture  was 

allowed to stir under ultrasonic irradiation at room temperature for the 22-30 min.  On 

completion of reaction, as indicated by TLC (ethyl acetate: ether, 25:75), the solvent was 

evaporated under reduced pressure. Then obtained solid was dissolved in sodium hydrogen 

carbonate saturated solution and extracted three times with chloroform. The combined organic 

extracts were washed with water, dried over anhydrous Na2SO4, concentrated under vacuum 

to afford the products. The crude products were purified by silica gel (60-120 mesh; 5.5 g) 

column chromatography using hexane /ethyl acetate (9:1 v/v) as eluent. 

Conclusion 

In summary we have synthesized imidazo[1,2-a]-pyridine-3-carboxylates from 2-

aminopyridine and β-ketoester employing highly efficient KI-Oxone catalytic system. The 

reaction preceded through tandem oxidative annulation strategy. Highly functional 

imidazo[1,2-a]-pyridine-3-carboxylates have been synthesized under ultrasound irradiation 

with high yield in short reaction time. The crystallography data confirms the formation the 

imidazo[1,2-a]-pyridine-3-carboxylate (3e) and literature reveals the absence of the 



crystallographic data of the synthesized derivative. The remarkable features of present protocol 

are metal free, non-toxic, benign reaction conditions. The synthesized imidazo[1,2-a]-pyridine-

3-carboxylates  screened for antitubercular and antioxidant evaluation. Most of the derivatives 

show admirable biological activity.  
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Abstract

We have successfully synthesized 2,3-dihydroquinazolin-4(1H)-ones (DHQs) using 
naturally sourced alginic acid as a solid acid catalyst. Our synthetic method was per-
formed in pure water at room temperature and yielded good to excellent results. We 
achieved this by directly cyclo-condensing anthranilamide with various aldehydes or 
ketones in the presence of alginic acid in water at room temperature. Furthermore, 
the alginic acid can be easily separated from the reaction mixture and reused up to 
five times with consistent yields and reaction time. This method is energy efficient 
and can be applied on a large scale, with excellent green credentials. Our evalua-
tion of green metrics highlights the sustainable features of the alginic acid-catalyzed 
DHQ synthesis process.
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Introduction

Quinazolinone scaffolds are a type of fused heterocycles that have potential phar-
macological and biological activities [1, 2]. They are essential units found in natural 
products, agrochemicals, pharmaceuticals, and synthetic drugs (Fig. 1) [3]. One par-
ticular type of heterocyclic framework, 2,3-dihydroquinazolin-4(1H)-ones (DHQs), 
plays a crucial role in various medications due to its potent pharmacological and 
biological effects, such as anticancer, anticonvulsant, analgesic, diuretic, antihista-
mine, and antihypertensive activities [4–13].

DHQs are essential in many fields, and various methods have been reported for 
their synthesis, such as two and three-component reactions under different reaction 
conditions [14] (Fig.  2). The simplest and most direct method is the two-compo-
nent condensation of anthranilamide with aldehydes or ketones. On the other hand, 
the three-component condensation of isatoic anhydride and different amines with 
aldehydes is another method. However, a two-component reaction is more envi-
ronmentally friendly than a three-component reaction, according to green chemis-
try matrices. Many of the reported protocols use costly reagents, require extended 
reaction times and high temperatures, and involve tedious work-up procedures. The 
atom economy (AE) indicates that a two-component reaction is better than a three-
component reaction.

In recent years, various catalysts have been used to catalyze these reactions such 
as cyanuric chloride [15], morpholinoethanesulfonic acid [16], p-TSA [11], 5,5’-ind-
igodisulfonic acid [17], lactic acid [18], oxalic acid [19], citric acid [20], amino acid 

Fig. 1  Crucial pharmaceutical active compounds containing DHQ framework
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[21], Sc(OTf)3 [22], Y(OTf)3 [23], Ga(OTf)3 [24],  SrCl2.6H2O [25],  H3PW12O40 
[26],  NH4Cl  [27],  H[Gly2B]  [28],  [Bmim]BF4 [22], cholinesulfuric acid ionic liq-
uid [9], basic ionic liquid [29], magnetic supported catalysts like  Fe3O4–Schiff base 
of Cu(II)  [30],  Fe3O4@SiO2-SO3H  [31], IL@MNP  [32],  Fe3O4@PEG–Ni  [33], 
 Fe3O4@L-proline-SO3H  [34] silica-supported catalysts such as MCM-41‐dtz‐
Ni [35], SBA-16/GPTMS-TSC-CuI [36],  CoFe2O4@SiO2‐CPTES‐Guanidine‐Cu(II) 
[37] Hb zeolite [38], zinc oxide micelles [39], mono-ammonium phosphate ferti-
lizer modified by cadmium [40], cerium(IV) ammonium nitrate [41], trifluoroetha-
nol [42], [PEG-TEA]OH [43], polyethylene glycol [44], and biocomposites such as 
β-cyclodextrine-SO3H [45],  Fe3O4@nano-cellulose–OPO3H [46], β-cyclodextrin 
[47], Ag-CNTs [48] has been also used for the synthesis of DHQs.

Over the past 20  years, there has been a growing need for more sustainable 
organic transformations that reduce waste [49–51]. DHQs are important, so it is 
highly appreciated when organic synthesis are environmentally friendly, high-yield-
ing, and clean. Biopolymers, including solid support and catalysts, are commonly 
used in various organic transformations [52, 53]. Alginic acid is a binary, block 
polysaccharide consisting of (1–4) connected β–D-mannuronic acid (M) and α-L-
guluronic acid (G) residues of varying compositions and sequences. It is a structural 

Fig. 2  Two protocols and green chemistry matrices for the synthesis of DHQs
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component found in marine brown algae and many bacteria [54]. It can be extracted 
as water-soluble sodium alginate by adding an excess of alkali [55]. The carboxyl 
and hydroxyl groups of adjacent chains help to stabilize reactants during the reac-
tion [56]. Alginic acids are biodegradable, biocompatible, and easily accessible, 
making them a popular choice as environmentally friendly catalysts for traditional 
inorganic and organic solid acids [57–59].

Water is a crucial solvent in many biological processes and is widely recognized 
for its advantages in organic reactions, such as being safe, cost-effective, and envi-
ronmentally compatible. Recently, new methodologies including multicomponent 
reactions have been developed that are highly efficient and compatible [60] with 
green chemistry principles for the synthesis of various heterocyclic scaffolds and 
cross-coupling reactions [61–64].

We have recently made an effort to introduce new, more efficient methodologies 
that adhere to green chemistry principles for synthesizing various heterocyclic scaf-
folds [65, 66] and cross-coupling reactions [67–69]. Alginic acid, due to its unique 
properties and ability to act as an excellent Brønsted organic acid catalyst, was used 
as a solid acid catalyst. This involved the cyclo-condensation of anthranilamides and 
various aldehydes/ketones in water at room temperature (Scheme 1). The resulting 
products were obtained in good to excellent yields, and the alginic acid can be easily 
separated from the reaction mixture and recycled at least five times with consistent 
yield and reaction time.

Materials and methods

General remarks

All reactions were carried out in a round-bottom flask at RT. Chemical reagents and 
anhydrous solvents were purchased from commercial suppliers (TCI and Sigma-
Aldrich chemical companies) and used as purchased. Thin layer chromatography 
(TLC) was performed using silica gel pre-coated aluminum plates, which were 
visualized with UV light at 254 nm or under iodine. 1H NMR and 13C NMR were 
recorded with Bruker (600 Mz) spectrometers using  CDCl3 and DMSO solvents 

Scheme 1.  Alginic acid-catalyzed synthesis of DHQ in water at room temperature



1 3

Alginic acid in water at room temperature: a natural combination…

Chemical shifts for 1H NMR are referred to as internal TMS (0 ppm), and chemical 
shifts for 13C NMR are referenced to the carbon resonance of the solvent  (CDCl3: 
δ 77.0  ppm). Data are reported as follows: chemical shift (δ ppm), multiplicity 
(s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet), coupling constant 
(Hz), and integration.

General procedure for the synthesis of 2,3‑dihydroquinazolin‑4(1H)‑ones

A mixture of anthranilamide (1 mmol), aldehyde/ketone (1 mmol), and alginic acid 
(5  mg) in water (5  mL) was stirred at room temperature. Reaction progress was 
monitored by TLC (ethyl acetate: n-hexane, 1:9). After completion of the reaction, 
0.1 N NaOH (5 mL) was added to the reaction mixture to separate alginic acid as 
sodium alginate. The resultant solid product was collected by simple filtration and 
washed with water (5 mL). This crude product was recrystallized by using ethanol.

Result and discussion

The alginic acid was characterized by FTIR spectroscopy [70]. The broadband IR 
absorption at 3434  cm−1 is for the COOH group which was confirmed by the sharp 
band at 1744  cm−1 (Fig. 3). The weak signal at 2924 and 2854  cm−1 is due to C–H 
stretching vibrations. The asymmetric stretching of carboxylate vibration (O–C–O) 
is shown at 1628  cm−1. The band at 1402  cm−1 may be due to C–OH deformation 
vibration with the contribution of O–C–O symmetric stretching vibration of the car-
boxylate group. The band at 1029   cm−1 may be assigned to C–O stretching, and 
C–O and C–C stretching vibrations of pyranose rings.

The porous nature of the alginic acid was evident in scanning electron micros-
copy (SEM) images. An image shows a relatively fibrous smooth surface about 
50  µm thick (Fig.  4a and b) while elemental mapping is highlighted in the EDS 
micrograph (Fig. 4c).

In order to find the best reaction conditions for synthesizing DHQ, we first 
reacted anthranilamide with 4-nitrobenzaldehyde under various conditions. Initially, 

Fig. 3  The FTIR spectrum of alginic acid
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Fig. 4  SEM images (a and b) and EDS micrograph c of alginic acid

Scheme 2.  Alginic acid-catalyzed synthesis of DHQ in water at room temperature
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we tested all reactions using water as a safe and environmentally friendly solvent 
[70] at room temperature (27–30 °C) (Scheme 2).

To determine the proper amount of catalyst, we conducted the model reaction 
using different concentrations of alginic acid (Table  1). Our findings showed that 
product formation ranged from 72 to 96% for all concentrations tested. Although the 
yield was similar across all concentrations, the reaction time for 5 mg of catalyst was 
30 min compared to only 25–30 min for the other amounts. This suggests that 5 mg 
of alginic acid is sufficient for a smooth reaction.

To assess how solvents impact the model reaction, we tested a variety of solvents, 
including EtOH, methanol, toluene, DMF, acetonitrile, and aqueous ethanol (50%), 
using 5 mg of alginic acid at room temperature (Table 2). Aqueous ethanol proved 
to be the most effective in terms of product yield and reaction time, while organic 

Table 1  Influence of quantity 
of alginic acid on the yield and 
reaction time of DHQ in water 
at room  temperaturea,b

a Reaction conditions: Anthranilamide (1  mmol), 4-nitrobenzalde-
hyde (1 mmol), alginic acid (2–50 mg),  H2O (5 mL), RT
b Isolated yields

Entry Amount of alginic 
acid (mg)

Time (min) Yieldb (%)

1 0 60 Trace

2 2 60 72

3 5 30 94

4 10 30 95

5 20 30 96

6 30 25 95

7 40 25 96

8 50 25 96

Table 2  Effect of temperature 
and screening of various 
solvents for the synthesis of 
 DHQa,b

a Reaction conditions: anthranilamide (1 mmol), 4-nitrobenzaldehyde 
(1 mmol), alginic acid (5 mg, 2.84 mol%), solvent (5 mL), RT-80 °C
b Isolated yields

Entry Solvent T (°C) Time (min) Yieldb (%)

1 H2O RT 30 94

2 H2O 40 20 96

3 H2O 60 20 95

4 H2O 80 15 95

5 EtOH RT 25 96

6 50% Aq. EtOH RT 30 95

7 DMF RT 40 95

8 DCM RT 55 54

9 Toluene RT 40 76

10 Acetonitrile RT 45 81
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solvents like DCM, toluene, and acetonitrile were less effective. Water is considered 
the preferred solvent for reactions from a green chemistry perspective, and solvent 
selection guides often prioritize SH&E criteria (Table S6).

In an effort to reduce the reaction time, we tested the model reaction at various 
temperatures (Table 2). Increasing the temperature resulted in a decrease in reaction 
time from 30 to 15 min, but the higher temperature was ultimately more effective. 
For economic reasons, we carried out further reactions at ambient temperature.

We tested the effectiveness of our optimized conditions by synthesizing differ-
ent DHQ derivatives (Table 3). This process is important as it shows how well the 
method can tolerate various functional groups and handle diverse substrates with 
different properties. We found that a wide range of aromatic aldehydes worked well 
in this reaction, indicating that our method is highly versatile. All reactions were 
performed on a 1 mmol scale in water with 5 mg of alginic acid at room tempera-
ture, unless otherwise noted. The yields were excellent, ranging from 84–94%. Even 
aromatic heterocyclic aldehydes were successfully reacted, yielding the desired 
product with a 84–94% yield.

As we were successful in using different aromatic aldehydes as electrophiles 
we then used ketones as another electrophiles for the synthesis of different DHQs. 
By reacting different ketones with anthranilamide, we obtained the desired prod-
ucts with good to excellent yields (86–94%) as shown in Table 4. The reaction also 
worked well with cyclic ketones such as cyclopentanone, cyclohexanone, and isatin.

We then expanded the scope of our work by creating bis-quinazolinone through 
the reaction of anthranilamide with terephthaldehyde under optimized conditions 
(Scheme 3). The reaction was able to produce the desired products with a yield of 
92% in just 35 min.

Based on our results, we have a possible mechanism for the formation of DHQ 
(3a) shown in Scheme 4. In the first step, alginic acid acts as a powerful Brønsted 
acid and activates aldehyde (2a) through protonation of the carbonyl group to form 
a intermediate I. The activated aldehyde I then undergoes a nucleophilic attack by 
anthranilamide (2) to form imine adduct II. In the presence of alginic acid, imine II 
is then converted into an iminium intermediate III through a protonation-cyclization 
process. Finally, DHQ (3a) is generated from III via deprotonation and the catalyst is 
released for the next cycle.

The efficient recycling of catalysts with consistent activity after a catalytic reac-
tion is very important for green and sustainable development. In addition, recycling 
the catalyst is an important requirement for the industry’s practical application of a 
catalyst.

After completion of reaction, the alginic acid was extracted using 0.1 N NaOH. 
The resulting product was separated through simple filtration. The aqueous extract 
containing sodium alginate was re-precipitated by 0.1N HCl. The solid alginic acid 
obtained was separated through centrifugation, dried in a vacuum, and reused for the 
next reaction cycle. The catalyst was observed to be recyclable at least five times, 
with a slight loss in activity with increased reaction time from 30–55 min. The cata-
lyst also showed good TON and TOF values (Fig. 5).

To test the effectiveness of this protocol, a gram-scale (10 mmol scale) experi-
ment was conducted for the reaction of anthranilamide with 4-nitrobenzaldehyde 
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Table 3  Exploration of the substrate scope of the developed synthetic  methoda,b
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or cyclohexanone under optimized reaction conditions (Scheme  5). The large-
scale process delivered the target products (3a), with 92% and (5a) 91% yields 
within 65 and 70 min, respectively. It was observed that the gram-scale synthesis 

Table 4  Exploration of the substrate scope of the developed synthetic method by using various  ketonesa,b

Scheme 3.  Synthesis of bis-quinazolinone
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is almost similar to mmol scale entry in terms of yield but requires more time to 
complete. The TON and TOF were also high for the gram scale.

To avoid the consumption of solvents during the isolation process, different 
methods (Method I and Method II) were attempted and their green metric val-
ues were calculated with a catalyst (Fig. 6). Method I involved the extraction of 
products with  CHCl3 (2 × 5 mL), while Method II involved the treatment of the 
reaction mixture with NaOH (5 mL, 0.1 N NaOH), followed by filtration. The 
use of aqueous NaOH treatment dramatically reduced the green metrics.

Scheme 4.  A plausible mechanism for the synthesis of DHQ catalyzed by alginic acid
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General re�ections on the evaluation of green metrics (estimation 
of greenness of present method)

Various sets of metrics were analyzed to estimate the "greenness" of syntheses 
[71, 72]. Green metrics measure the efficiency and environmental concert of 
chemical processes and can be better measured by environmental factor (E fac-
tor), turnover number (TON), turnover frequency (TOF), atom economy (AE), 
atom efficiency (AEf), carbon efficiency (CE), optimum efficiency (OE), effec-
tive mass yield (EMY), reaction mass efficiency (RME), mass productivity (MP), 
mass intensity (MI), and process mass intensity (PMI), as well as solvent and 
water intensity (SI and WI). These green chemistry metrics were measured for all 
reactions and depicted in Table S5.

The representative results of the model reaction under optimized reaction con-
ditions are depicted in Fig. 7. The matrices were calculated by considering both 
the with and without catalyst. The results demonstrated that the values of green 
chemistry metrics are nearly close to their ideal values.

Fig. 5  Recyclability of the alginic acids for the synthesis of DHQ
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• The green credentials such as safety, health, and environmental scores, and 
the overall ranking of solvents assessed in the present protocol by using the 
CHEM21 solvent selection guide [73] and COSMO-RS [74]. Thus, we used 
water as a solvent for the reaction, which is a highly recommended solvent for 
chemical processes (Table S6). Though we used EtOH for the recrystallization 
of crude products, its use is recommended. This was also supported by solvent 
intensity (SI = 0) and water intensity (WI) parameters of the present protocol, 
which are found to be 52.08 – 81.52 g/g.

Scheme 5.  Gram scale synthesis of products 3a and 5a 

PMI

MI (Excluding water)

MP

SI (Excluding water)

WI

Parameter*

47.62

27.78

3.59

26.62

19.84

60.69

1.15

86.95

00

59.52

*All the parameters are calculated for model reaction with catalyst (Scheme 2)

Reaction 

Mixture

Method-I

Product Product

Extarion of product

in 2 x 5 mL CHCl3

Extarion of catalyst
in 5 mL 0.1 N NaOH

Method-II

Fig. 6  The green metrics analysis for the isolation of DHQ
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• In current years the efficiency of the catalytic process has been evaluated by 
turnover number (TON) and turnover frequency (TOF) values [75]. The present 
catalyst attained TON = 29.17–33.46 and TOF = 0.66–1.11  min−1.

• Effective mass yield (EMY) measures the environmental acceptability of a pro-
cess. This metric defines yield in terms of the product made from non–toxic 
materials [76]. In the present method, EMY is 76.94-87.80% indicating the con-
siderable greenness of the method.

• The DHQ can be synthesized straightforwardly in high yields. There is only 
the elimination of water as green waste. As all the products are obtained with 
good to excellent yields, the atom efficiency (AEf) for the present method is also 
excellent at 92.19–94.57% atom economy (AE) and 77.10–88.10% AEf.

• Carbon Efficiency (CE) and Mass productivity (MP) are used to elucidate reac-
tion process consumption. The CE and MP for the present work are 81–100% 
and 75.18–85.47%, much better than the reported catalysts.

• Reaction mass efficiency (RME) is a realistic metric for describing the greenness 
of a process [77]. It accounts for yield, stoichiometry, and atom economy. In the 
present protocol, up to 85.13% RME is attained for 4-nitrobenzaldehyde, while 
74.84% for 2-bromobenzaldehyde.

• Process mass intensity (PMI) is the total mass of materials used to produce a 
specified product. This is the key, high-level matrix for evaluating and bench-
marking progress toward more sustainable manufacturing [71]. PMI evaluation 
(53.26–82.83 g/g) supports the above fact.

Fig. 7  The green metrics analysis for the synthesis of DHQ
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• Mass intensity (MI) accounts for the yield, stoichiometry, solvent, and reagent 
used in the reaction. The present method has MI ranges from 1.17 to 1.33 (g/g), 
which is near the ideal value of MI (MI = 1 g/g).

• Environmental Factor (E-factor) is a simple and fast metric for the evaluation of 
the environmental impact of industrial processes. It accounts for chemical yield 
and includes reagents; solvent loss and all process aids. The lower the E-factor, 
the lesser the waste generated in the process. The E-factor of the present method 
is between 0.17 and 0.33 (g/g) indicating the considerable greenness of the pre-
sent protocol (the ideal E-factor is 0).

• In chemical reactions, a large amount of solvent used can be accounted for and 
assessed for the green matrix in terms of solvent intensity (SI) because of the 
significant environmental impact of solvents [78, 79]. Because SI excludes water 
from the calculations [71], the water intensity (WI) of a process should be calcu-
lated separately [80].

Conclusion

To summarize, a natural and eco-friendly process for creating 2,3-dihydroquina-
zolin-4(1H)-one analog has been developed using alginic acid as a catalyst. This 
method is advantageous because it has a low environmental impact and operates 
under mild conditions. The reaction occurs at room temperature through a simple 
stirring process, resulting in high yields. Additionally, this approach has a wide 
range of applications, can be easily scaled up, and allows for hassle-free product 
recovery. Its sustainability credentials have also been verified through green metrics 
evaluation. Overall, this alginic acid-catalyzed DHQ synthesis represents a promis-
ing greener alternative.
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ABSTRACT 
Contamination like oil and organic pollutants in water has a severe problem for 

aquatic life and human being; it is a need to preserve their life. These contaminants 

are added due to frequent oil spill accidents, and industrial as well as domestic 

waste. There is a need to develop methods and materials that show excellent ability 

to separate the oil and organic contaminants from water. Recently, 

superhydrophobic coated sponges, metals mesh, membranes and porous materials 

plays crucial role to separate oil and water from oil-water mixture. The micro and 

nonporous of substrate facilitate to enter liquid into it and 

superhydrophobic/superoliophilic property of substrate surface resist water and 

allows oil to enter into porous substrate. The various surface modified organic metal 

oxide nanoparticles are used to develop superhydrophobic surface on porous 

substrate. Among them SiO2 nanoparticles is promising material to preparation of 

superhydrophobic surface because of their cost-effectiveness and easy synthesis 

techniques.    This review focused on silica modified porous sponge, metal meshes, 

membrane and porous substrate for scalable oil-water separation application. 
 

KEYWORDS 
Superhydrophobic, Oil-water separation, porous sponge, Metal mesh and 

membrane. 

…………………………………………………………………………………………. 
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Frequent oil spill accidents and industrial chemical spills occurred in the sea and the 
ecosystem damage; such incidents have spread to impact the offspring. Therefore, 
considerable surviving organisms for several years after the impact [1-2] efforts have 
been done to remove oil and organic solvents from water.  Due to this extensive 
current research is focussed on the development of superhydrophobic materials for 
effective oil-water separation. To achieve superhydrophobic sponges, surface 
roughness and low surface energy materials play a crucial role. The various methods 
such as dip coating, immersion, spray coating; hydrothermal methods, chemical 
vapor deposition, surface etching, solvothermal methods, layer-by-layer assembly 
and electrochemical treatment describe a modification of sponges for oil and water 
separation [3-4]. At present, traditional technologies, including in situburning [5], 
bioremediation [6], chemical dispersant methods [7], skimming [8], and the use of 
sorbents [9] are used to clean up spilled oils or organic pollutants. However, many of 
these strategies involve energy intensive and slow processes, have low clean-up 
capacities or create secondary pollution during the clean-up process, restricting their 
widespread practical applications [10-11]. To realize the hierarchical structures on 
different material surfaces, a series of strategies, such as sol-gel coating [12], 
chemical vapor deposition [13], plasma etching [14], template processing [15], 
lithographic patterning [16], etc. have been adopted [17]. The superhydrophobic 
surfaces on which water achieves water contact angle higher than 150°and sliding 
angle less than 5°are attracting minds of researchers due to their efficient oil-water 
separation efficiency [18]. 

Recently, Wu et al. [19] have prepared a highly flexible superhydrophobic 
PDMS@F-SiO2 coating for self-cleaning and drag-reduction applications via a two-
step spraying of PDMS and F-SiO2 nanoparticles. However, it is common that 
inorganic particles normally tend to agglomerate due to the interparticle forces 
stemming from the Vander Waals, capillary and electrostatic forces [20], which leads 
to phase separation during the fabrication process and tends to diminish the quality of 
the coating through cracks or weak adhesive to the substrates. Gao et al. [21] 
prepared PVDF/SiO2 coated superhydrophobic porous membranes using a spraying 
technique. These membranes could be used to separate the oil-water mixtures but are 
not applicable to surfactant stabilized water-in-oil emulsions because of their large 
pore sizes. Li et al. [22] prepared the hydrophobic CS by incomplete combustion of 
hydrocarbons from the middle of a candle flame. The PU sponge was immersed in 
the solution of CS, SiO2 and PU resin to achieve stable superhydrophobicity. The 
CS-SiO2-PU sponge was shown excellent oil-water separation efficiency. The CS-
SiO2-PU sponge showed excellent oil-water separation efficiency from hot water, 
acidic solutions, alkaline solutions and salt solutions.  

In this review, the sophisticated, facile and low-cost methods for fabrication of 
superhydrophobic porous material for oil-water separation application are discussed. 



 

  Page 3 

 

 

 

The 3D sponges, metal meshes, membrane and cotton fabrics are used as substrate 
for scalable oil-water separation application.  

 

2. SUPERHYDROPHOBIC SURFACES FOR OIL-WATER SEPARATION 

2.1 Superhydrophobic Sio2 Modified Sponges for Oil-Water Separation 

Zhang et al. [23] have fabricated the superhydrophobic surface by using VTMS 
and SiO2 via immersion method. The schematic of preparation of superhydrophobic 
sponge is shown in Figure-1.  It was shown a water contact angle of 153.2° and roll-
on angle of 4.8°. The oil is quickly absorbed by superhydrophobic sponge which can 
be shown the superoliophilic property of a modified sponge. The IR peak at 1078 cm-

1 shows the presence of the O-Si-O bond present in the material. It was showing the 
high separation efficiency of about 99.5%. It exhibited good saturated adsorption 
properties exceeding 70 g/g for all oils. It was shows outstanding characteristics of 
superhydrophobic sponge such as high porosity, small pore size and ultra-light mass. 
After 20 cycles, it was found that the adsorption ability of the modified melamine 
sponge for different oils decreased slightly. It shows outstanding stability and 
reusable performance. The modified sponge maintains an 89% of recovery rate even 
after 20 cycles. This method was used to prepare porosity and provides storage space 
for the adsorption of oil pollution. This superhydrophobic composite melamine 
sponge provided the possibility for practical application of oil-water separation. 

 

Figure-1. Schematic illustration of the preparation of superhydrophobic sponge. 
Images reprinted from [23], with permission from Elsevier, Journal of Chemical 

Engineering, Copyright 2020. 
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Liu et al. [24]. have fabricated a superhydrophobic sponge and polyester coated with 
SiO2-DTMS through an entrapment method. The Figure-.2 reveals the fabrication 
process of superhydrophobic sponge and polyester The SiO2 particles were 
introduced by growth on the substrate through the polymerization process, followed 
by the addition of DTMS as an adhesive, leading to a homogeneous and dense 
superhydrophobic membrane. The modified sponge was shown the water contact 
angle up to 172° indicating the water repellence was superior. This superhydrophobic 
sample had good hydrophobic stability even in acidic condition and it can show 
efficient oil-water separation. The amount of the absorbed oil was about 43-65 times 
of sponge own weight can be shown that the evaluation of the mass based on 
absorbed surface tension, density, viscosity of absorbed liquids. It exhibits stable oil 
storage under harsh environmental conditions in oil-water separation. The 
performance remained constant after 100 recycling sequences, even in a harsh water 
environment. 

 
Figure-2. Schematic illustration of the fabrication of a modified sponge and 

polyester. Images reprinted from [24], with permission from Elsevier, 
Copyright 2019. 

2.2 Superhydrophobic Sio2 Modified Metal Meshes for Oil-Water Separation 

 Zhao et al. [25] have prepared superhydrophobic SiO2 nanoparticles by 
improved Stober method and then coated on a chemically etched stainless steel mesh 
by one step dipping method to fabricate superhydrophobic SiO2 coated stainless steel 
mesh. The preparation process was simple, efficient and environmentally friendly. 
The experimental procedure is shown in Figure-3. It shows excellent oil-water 
separation properties, which can be widely used in oil-water separation. It was 
showing 153.3° water contact angle and 0° oil contact angle. The oil-water 
separation efficiency was nearly 96% by using this modified stainless-steel mesh. 
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The separation efficiencies were obtained repeatedly even after 40 cycles without 
noticeable deterioration. The superhydrophobic modified stainless steel mesh shows 
stability, durability and reusability. The SiO2 modified stainless steel mesh indicates 
good material for treating real oil-polluted water in different practical applications. 
This method shows high performance, oil-water separation in a short time and 
repeatedly in comparison with earlier works. 

 
Figure-3. Schematic illustration of the preparation of FSSM. Images reprinted 

from [25], with permission from Elsevier, Copyright 2019. 

Xiong et al. [26] have prepared SiO2 nanoparticles by an improved modified 
method by using TEOS and then coated on a stainless-steel mesh by spraying method 
to fabricate SiO2 coated stainless steel mesh. The Figure-4 illustrates schematic of 
preparation of the superhydrophobic stainless-steel mesh. The preparation process 
was efficient, simple and environmentally friendly. It shows good mechanical 
properties and oil/water separation performance. It was showing 156.4° oil contact 
angle and less than 100water contact angles. The oil-water separation efficiency was 
nearly 98.69% by using this modified stainless-steel mesh. The separation 
efficiencies obtained repeatedly even after 20 cycles without noticeable deterioration. 
The superhydrophobic modified stainless stell mesh shows stability, durability and 
reusability. The SiO2 modified stainless steel mesh indicates excellent material for 
treating oil-polluted water in different practical applications. This method shows an 
easily scaled-up preparation process, stable mechanical and thermal properties, 
offering new prospects for efficient oil/water separationin comparison with earlier 
works. 
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Figure-4 (a) Schematic diagram illustrating the fabrication of air 

superhydrophilic-superoleophobic membrane. (b) Scheme of the oil/water 
separation. Images reprinted from [26], with permission from Elsevier, Journal 

of Colloid and Interface Science, Copyright 2021. 

2.3 Superhydrophobic Sio2 Modified Porous Substrates for Oil-Water 
Separation 

              Gu et al. [27] have prepared a membrane (SiO2/Polyurethane membrane) 
with porous structure rough surface and hydrophobic epidermis by surface 
modification to construct a rough surface and low-energy epidermis on electrospun 
polyurethane membrane. The schematic of experimental procedure is shown in 
Figure-5.  The superhydrophobic SiO2/PU porous membrane prepared by chemical 
modification on the membrane shows a water contact angle 152.1° and low sliding 
angle 6°. This membrane was used for different aqueous solutions like water, saline 
solution, alkaline solution acidic solution. The porous membrane shows low air 
permeability and high-water vapor transmission rate. It shown good oil absorption 
capacity. It was shows high oil-water separation efficiency above 98.5%. The 
absorption capacity of the modified membrane does not show severe degradation 
even after 30 separation cycles which indicating a highly stable absorption 
performance of modified membrane. It provided the potential for eater repellent, 
breathable applications and oil-water separation in long term use. 
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Figure-5. The preparation scheme of superhydrophobic SiO2/PU membrane. 

Images reprinted from [27], with permission from Elsevier, App. Sur. Sci. 
Copyright 2019. 

Wei and their co-researchers [28] have  obtained the SiO2 nanoparticles from ethanol 
and ammonium hydroxide with TEOS. TheSiO2 nanoparticles were isolated by 
repeated centrifugation in ethanol followed by drying in a vacuum oven. A facile 
strategy was presented to prepare silica particles grafting. The sprayable solution be 
easily applied to different porous substrates to achieve durable superhydrophobic 
coating (schematically shown in Figure-6). The surface shows a separation 
efficiency of 98.8% dealing with oil-water mixture. The oil absorption capacity of 
immersion coated polyurethane sponge was demonstrated higher than pristine 
polyurethane sponge an 39 g/g which would benefit from the presence of lipophilic 
PSAN and higher porosity contributed by abundant nanoparticles. After 10 cycles of 
abrasion test the remained separation efficiency of above 96% and water contact 
angle of 151° confirmed the mechanical durability. This sponge shows facile, 
environmentally friendly, mechanical and chemical stability. 
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Figure-6. Schematic illustration of preparation of modified superhydrophobic 
surface for oil-water separation. Images reprinted from [28], with permission 

from Elsevier, Copyright 2021. 

2.4 Superhydrophobic Sio2- Polymer Composite Based Membrane for Oil-
Water Separation 

Li and their co-workers [29] have fabricated the superhydrophobic surface by using 
PVDF and SiO2 via sugar template method. The schematic of preparation method is 
shown Figure-7. It was shown in a water contact angle of 155.68° and roll-on angle 
of nearly 6°. The prepared superhydrophobic PVDF oil/water separation membrane 
had low water adhesion performance and ultrahigh separation efficiency of nearly 
99.98% in terms of the oil purity in the filtrate. The recycling performance over 20 
cycles. This membrane has excellent potential for use in various large-scale practical 
applications, water purification treatment and the separation of commercially 
relevant emulsions. The possibility of large-scale production and low manufacturing 
costs of this sponge is very promising advantages for oil-water separation 
application. 
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Figure-7. Schematic illustration (A) and structural evolution (B) for the 
formation of adhesive-free superhydrophobic SiO2 nanoparticles decorated 

PVDF oil-water separation membranes [29]. Images reprinted from [29], with 
permission from Elsevier, Copyright 2018. 

Bai et al. [30] have coated cotton fabric by sol-gel processed SiO2 The as-prepared 
fabric was immersed in the solution of FeCl3, thiophene and CH2Cl2 solution. Then, 
the modified fabric was washed with ethanol and dry it. Figure-8 reveals the 
experimental procedure of preparation of superhydrophobic fabric. The modified 
fabric shows water contact angles above 160°. The strongest peak at 1050 cm-1 
belongs to the Si-O bond indicating that SiO2 particles have been coated on the 
cotton fabric. The modified cotton fabric shows outstanding resistance to ultraviolet 
irradiation, high temperature, low temperature, organic solvent, immersion and 
excellent durability even after 8 months. The as-prepared fabric was showing the 
capability in various chemical exposures. It was showing good anti-dirt and anti-frost 
properties. The modified superhydrophobic cotton fabric was used as filter 
membrane for the gravity driven oil-water separation with high separation efficiency 
and excellent reusability. By using, this modified cotton fabric, both immiscible and 
emulsified oil-water mixtures could be separated. The efficient oil-water separation 
was also achieved under harsh conditions. The superhydrophobic fabric shows 
potential for the fast, coat-effective treatment of oil spill accidents and industrial oily 
sewage. 
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Figure-8. Schematic Illustration of the fabrication process of the PTh/SiO2@CF 
[30]. Images reprinted from [30], with permission from Elsevier, Adv. Mater. 

Interfaces, Copyright 2021. 

3. CONCLUSION 

This review highlights, SiO2 nanoparticles are unique, their fabrication requires little 
control of external parameters such as surface modification. It is very beneficial 
economically, facile and straightforward to synthesize. The SiO2nanoparticles coated 
sponge/mesh has been developed by using SiO2nanoparticles and different polymers. 
The absorption/separation investigation demonstrates that, the SiO2surface is highly 
efficient and stable in absorbing a wide range of oil and organic solvents. It can be 
believed that, the SiO2coated superhydrophobic materials are very useful for oil-
water separation. It shows various tremendous results with SiO2-polymer composite 
in various mechanical conditions. Hence this review is helpful to upcoming 
researchers to develop highly scalable superhydrophobic surfaces for efficient oil-
water separation applications. 
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A B S T R A C T   

We successfully produced a new surfactant called [DABCO-C18]Br, which is a monoquaternized octadecyl-1,4- 
diazabicyclo[2.2.2]octane bromide. The yield was good. The surfactant that was created was analyzed using 
techniques such as 1H NMR, 13CNMR, and Mass characterization. We analyzed the synthesized [DABCO-C18]Br 
salt and found that it has great surfactant properties. Its critical micelle concentration (CMC) is 1.15 mM as 
determined by the conductivity method and 1.0 mM by UV–Vis absorption measurement at 298.15 K. The values 
align well with the critical micelle concentration (CMC) of the commonly used surfactant [C16TAB]. We have 
studied the catalytic efficiency of [DABCO-C18]Br, a tertiary base surfactant, for the synthesis of dihydropyrano 
[3,2-c]chromenes. This synthesis is achieved through one-pot three-component reactions involving aromatic 
aldehydes, malononitrile, and 4-hydroxycoumarin in water at room temperature. The method was also extended 
for the synthesis of 2-aminobenzochromenes via one-pot three-component reactions of aromatic aldehydes, 
malononitrile, and lawsone in water at 80 ◦C. The products were achieved in yields ranging from good to 
excellent within a timeframe of 30–60 min. In addition, the aqueous solution with [DABCO-C18]Br was reused up 
to four times with a minor reduction in product output. This protocol is fast, energy-efficient, and can be used on 
a large scale for synthetic purposes. Additionally, it boasts impressive environmentally-friendly credentials.   

1. Introduction 

One of the most valuable methods for creating chemically and bio-
logically significant structures is through the use of multicomponent 
reactions (MCRs) [1–3]. The approach includes combining multiple 
substrates in a single reaction, resulting in domino methods [4–7]. 
Another option is to add one or more reactants sequentially without 
isolating intermediates. MCR provides exceptional rewards thanks to its 
simplicity, easy automation, and waste reduction resulting from reduced 
work-up and purification stages. In green chemistry, a significant focus 
is on developing active and eco-friendly procedures for synthesizing 
biologically important compounds [8,9]. Using green solvents, like 
water, in various initiatives to replace volatile organic solvents [10,11] 
is crucial. This work aims to create and implement innovative methods 
for synthesizing materials using water as a sustainable and eco-friendly 

reaction medium [12–14]. Sometimes, organic compounds may have 
limited solubility in water. However, this issue can be resolved by 
incorporating surface-active compounds like surfactants [15–17]. 

Dihydropyrano[3,2-c]chromenes, which are a type of chromene 
derivative [9], are an intriguing group of fused heterocyclic scaffolds. 
They have been found to have various beneficial properties, including 
anti-HIV, antimicrobial, antibacterial, anticancer, spasmolytic, and 
anticoagulant activities [18–20]. Additionally, these derivatives have 
shown potential as a treatment for various neurodegenerative diseases, 
such as Alzheimer’s disease, Parkinson’s disease, Down’s syndrome, 
AIDS-associated dementia, Huntington’s disease, schizophrenia, and 
myoclonus [21,22] (Fig. 1). 

In connection with this, many substantial efforts have been made for 
the synthesis of dihydropyrano[3,2-c]chromenes in the presence of 
piperidine [23] cetyltrimethylammonium chloride (CTAC) [24] 
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cetyltrimethylammonium bromide (CTAB) coupled with ultrasound 
[25], alumina [26], K2CO3 under microwave irradiation [27], MgO 
nanoparticles [28], heteropolyacid [29], hexadecyltrimethylammonium 
bromide (HTMAB) [30], triethylbenzylammonium chloride (TEBA) 
[31], TiCl4 [32], (NH4)2HPO4-(S)-proline [33], sodium carbonate [34], 
NaOAc/KF [35], NaBr coupled with electrochemical technique [36], 
indium with NaI [37], sodium dodecyl sulfate (SDS) [38], tetrabuty-
lammonium chloride [39], 3-hydroxypropanaminium acetate (HPAA) 
[40] ZIF@ZnTiO3 Nanocomposite [41], DTP/SiO2 [42], MnONPs [43] 
WEB [44], IRA 400-Cl resin [18], [Ch][TAPSO] [45], NH(CH2)7 
NH3BiCl5 [46], DES [47], NiO-NPs using mucilage of Cordia myxa fruit 
[48] and many more. While most of these methodologies have become 
established, some of them have presented more or fewer drawbacks. For 
instance, many of these pose environmental hazards, longer reaction 
times, modest yields, and higher amounts of catalysts. 

We have recently introduced new and efficient methods for synthe-
sizing different heterocyclic frameworks [49,50] and for Pd-catalysed 
coupling reactions [51], which are in line with green chemistry princi-
ples and involve the use of various additives. In this communication, we 
would like to share our findings on a surfactant called [DABCO-C18]Br, 
which acts as an effective and reusable ’Gemini type surfactant’ with 
basic properties [52]. This surfactant has been used for synthesizing 
dihydropyrano[3,2-c]chromene and 2-aminobenzochromene de-
rivatives in a water-based medium. 

2. Experimental 

2.1. General remarks 

All reactions were carried out in a round-bottom flask at RT or 
heating. Chemical reagents and anhydrous solvents were purchased 

from commercial suppliers (TCI and Sigma-Aldrich chemical com-
panies) and used as purchased. Thin layer chromatography (TLC) was 
performed using silica gel pre-coated aluminum plates, which were 
visualized with UV light at 254 nm or under iodine. 1H NMR and 13C 
NMR were recorded with Bruker (600 MHz) spectrometers using CDCl3 
and DMSO solvents. Chemical shifts for 1H NMR are referred to as in-
ternal TMS (0 ppm). Data are reported as follows: chemical shift (δ ppm), 
multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m =
multiplet), coupling constant (Hz), and integration. 

2.2. General procedure for the synthesis of [DABCO-C18]Br surfactant 

In a round-bottom flask, containing DABCO (1,4-diazabicyclo[2.2.2] 
octane) (2.13 g, 19.01 mmol) and 1-Bromooctadecane (5.0 g, 5.15 mL, 
15.01 mmol) was stirred in ethyl acetate (20 mL) at 60 ◦C for 24 h. The 
obtained white solid was filtered, and washed with ethyl acetate (3 × 15 
mL) and dried in oven. The yield of product was 89  %. 

2.3. General procedure for the synthesis of dihydropyrano[3,2-c] 
chromenes 

In a round-bottom flask containing 4-nitrobenzaldehyde (0.151 g, 1 
mmol), malononitrile (0.066 g, 1 mmol) and 4-hydroxycoumarin (0.162 
g, 1 mmol) was stirred in water (5 mL) in the presence of [DABCO-C18]Br 
(20 mg, 0.044 mmol) at room temperature. The progress of the reaction 
was monitored by TLC in ethyl acetate:n-hexane (4:6). For TLC analysis 
the reaction mixture was extracted in ethyl acetate. After completion of 
reaction, the solid product was filtered, washed with water (5 mL) and 
dried in oven. The crude product was recrystallized by hot ethanol. 

Fig. 1. Critical pharmaceutical active compounds containing chromene framework.  

A. Rajmane et al.                                                                                                                                                                                                                               



Journal of Molecular Liquids 391 (2023) 123247

3

2.4. General procedure for the 2-aminobenzochromene 

In a round-bottom flask containing 4-nitrobenzaldehyde (1 mmol, 
0.151 g), malononitrile (1 mmol, 0.066 g) and Lawsone (1 mmol, 0.174 
g) was stirred in water (5 mL) in the presence of [DABCO-C18]Br (20 mg, 
0.044 mmol) at 80 ◦C temperature.The progress of the reaction was 
monitored by TLC in ethyl acetate:n-hexane (2:8). For TLC analysis the 
reaction mixture was extracted in ethyl acetate. After completion of 
reaction, the solid product was filtered, washed with water (5 mL) and 
dried in oven. The crude product was recrystallized by hot ethanol. 

3. Results and discussion 

3.1. Synthesis of [DABCO-C18]Br 

The [DABCO-C18]Br salt was synthesized with ease by mono- 
quaternizing DABCO (1,4-diazabicyclo[2.2.2]octane) with 1-bromooc-
tadecane in ethyl acetate at 60 ◦C. The yield of the final product was 
89 % (Scheme 1) [53]. 

3.2. Micellization behavior of [DABCO-C18]Br in aqueous solution 

The conductibility and UV measurements were used to determine the 
micellization behavior (CMC) of pure [DABCO-C18]Br in an aqueous 
solution. 

3.2.1. Conductivity measurements 
The critical micelle concentration (CMC) refers to the point at which 

the behavior of the surfactant alters in physical and spectral properties 
[54]. The method of conductivity is a reliable way to gather information 
about the behavior of surfactants, both before and after they form mi-
celles [55]. As part of our current investigation, we have assessed the 
CMC of pure [DABCO-C18]Br in an aqueous solution. To take conduc-
tivity measurements, we added incremental amounts of aqueous sur-
factant solution from the stock solution (which was 5 times higher than 
CMC), to the conductivity cell. We also added an appropriate volume of 
distilled water. After the solutions were mixed, we recorded stable 
conductivity values. For each concentration, we made five measure-
ments and only the mean values were used. The standard uncertainty of 
the measurements was less than 0.3 % [56]. Fig. 2 displays the plots for 
the conductivity technique utilized in this study to determine the con-
centration of the pure aqueous [DABCO-C18]Br at a temperature of 
298.15 K. In this method, we noticed a distinct shift in the property’s 
slope in the CMC area as ‘c’ (surfactant) increased. Based on the Onsager 
theory of electrolyte conductivity, we saw a change in slope between the 
pre-and post-micellar regions in conductance measurements. The 
intersection points of the two straight lines representing the CMC of 
surfactants were also observed. The CMC of the pure [DABCO-C18]Br at 
298.15 K was obtained as 1.15 mM, which is in agreement with the CMC 
of the common surfactant [C16TAB], which is 0.98 mM [57]. 

The degree of counter ion binding (β) was determined through β= 1- 
α (where, α= S2/S1, S2/S1 is the ratio of the post-micellar slopes to pre- 
micellar slopes), in the conductivity versus concentration plots [58,59]. 
The values for the degree of counter ion binding (β) using conductivity 
measurements for pure [DABCO-C18]Br is 0.828. 

3.2.2. UV–Vis absorption measurements 
For the measurements of UV–Visible spectra, we used UV–Vis spec-

trophotometer (Varian Carry 50, Switzerland) equipped with a ther-
mostated cell compartment for the temperature control. We determined 
the micellization behavior of [DABCO-C18]Br in an aqueous solution by 
measuring dye solubilization based on UV–Vis absorption. Specifically, 
we used an anionic dye, methyl orange, since [DABCO-C18]Br is a 
cationic surfactant. The dye solubilization method operates on the 
principle of solution polarity [60]. In Fig. 3, we can see the plot of 
absorbance versus wavelength for various concentrations of [DABCO- 
C18]Br, a surfactant in an aqueous solution using methyl orange dye. The 
plot shows that the peak for pure dye (without the addition of surfac-
tant) is obtained at λmax 465 nm. However, as the concentration of 
surfactant increases, the absorption peak shifts towards a shorter 
wavelength (known as a hypsochromic shift or higher frequency). This 
occurs because the dye molecules start associating with surfactant 
monomers, which decreases the microscopic polarity near the dye 
molecules. At the micellar pseudo-phase, the dye molecules become 
solubilized and a decrease in absorbance is observed. Additionally, in 
the presence of a surfactant, the λmax for the methyl orange dye shifts 
from 465 to 435 nm, which may be due to the dye being solubilized or 
incorporated into the core of the surfactant molecule. 

Fig. 4 displays the absorption spectra of methyl orange dye at 
varying concentrations of pure [DABCO-C18]Br in an aqueous solution at 
298.15 K. The CMC was determined by where two lines intersected. The 
CMC of [DABCO-C18]Br is 1.0 mM. The concentration range for CMC by 
UV–Visible measurements is from 0.98 mM to 1.2 mM, which aligns well 
with the conductance measurements and literature value of [C16TAB] (i. 
e. 0.98 mM) [57]. 

Fig. 5 illustrates the graphical mechanism of micellization for 
[DABCO-C18]Br surfactant, as determined by the experiments described 
above. 

Scheme 1. Synthesis of [DABCO-C18]Br surfactant.  

Fig. 2. Conductometric profile of pure [DABCO-C18]Br in aqueous solution at 
298.15 K. 
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3.3. Applications of [DABCO-C18]Br in the synthesis of dihydropyrano 
[3,2-c]chromenes 

Based on the favorable surfactant characteristics of [DABCO-C18]Br, 
as well as the alkaline properties provided by DABCO, we intended to 
investigate its catalytic abilities in producing dihydropyrano[3,2-c] 
chromenes using eco-friendly conditions. 

At first, to improve different reaction conditions, we selected 4-nitro-
benzaldehyde (0.151 g, 1 mmol), malononitrile (0.066 g, 1 mmol), and 
4-hydroxycoumarin (0.162 g, 1 mmol) as the model reaction partners in 

an aqueous solution of [DABCO-C18]Br (Scheme 2). 
We conducted the model reaction with different conditions to 

determine the appropriate amount of surfactant, reaction temperature, 
and type of solvent (Table 1). It’s worth noting that the reaction didn’t 
take place under conditions without a catalyst (Table 1, entry 1). 
Table 1 shows that with the addition of 5 mg surfactant, the product 
yield increased to 84 % (Table 1, entry 2). When the amount of sur-
factant was increased from 5 to 50 mg, the yield improved from 84 to 96 
% and the reaction time reduced from 30 to 25 min. at room tempera-
ture. (Table 1, entries 2–7). Raising the temperature of the reaction 

Fig. 3. The absorption spectra of methyl orange dye in aqueous solution of pure [DABCO-C18]Br at 298.15 K (c(MO) is 1.15 × 10−4 M). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. Absorbance versus concentration of pure [DABCO-C18]Br surfactants in aqueous solution at 298.15 K.  
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mixture from room temperature to 80 ◦C significantly affects the reac-
tion time. (Table 1, entries 8–9). We tested the catalytic activity of 
surfactant in various organic solvents. While it did work in these 

solvents, its activity was lower than in water (Table 1, entries 10–15). 
Therefore, we determined that the best reaction condition is using 20 mg 
of surfactant in water at room temperature (Table 1, entry 4). 

Using the optimized conditions, we explored the current procedure 
for synthesizing different derivatives of dihydropyrano[3,2-c] 
chromenes (Table 2). The reaction was feasible with a wide range of 
aromatic aldehydes. All reactions were conducted at room temperature, 
on a 1 mmol scale, with the presence of 20 mg surfactant in water, unless 
otherwise stated. The reactants were converted efficiently into the 
desired products, with yields ranging from 87 to 96 %. Additionally, 
aromatic heterocyclic aldehydes were able to react successfully, pro-
ducing the product with 87–93 % yield. 

3.4. Applications of [DABCO-C18]Br in the synthesis of 2- 
aminobenzochromene 

There are a variety of biological activities associated with benzo[g] 
chromenes, such as anti-cancer, anti-inflammatory, and anti-malaria 
effects [61]. In addition, the benzo[g]chromenes occurring naturally 
are also used as drugs for the treatment of tumor [62,63]. In this 
connection, many 2-aminobenzochromenes were synthesized by 
different synthetic methods from aromatic aldehyde, lawsone, and 
malononitrile in the presence of different catalysts such as TEBA [64], 
Potassium phthalimide-N-oxyl [65], propylpiperazine-N-sulfamic acid 
(SBPPSA) [66], Zn(L-proline)2 [67], Et3N [68], urea [69], [bmim]OH 
[70], L-proline [71], [Et3NH][HSO4] [72], Fe2O3@SiO2 NPs [73], 
ammonium acetate [74], Fe3O4@SiO2@NH2-TCT-Mesalamine − Cu(II) 
MNPs [75], and IRA 400-Cl resin [18]. However, there is a need to 

Fig. 5. Graphical representation of micellization of [DABCO-C18]Br in water.  

Scheme 2. Synthesis of dihydropyrano[3,2-c]chromene using [DABCO-C18]Br surfactant in aqueous solution.  

Table 1 
Influence of quantity of surfactant, nature of solvent, and temperature on the 
yield and reaction time of dihydropyrano[3,2-c]chromene.a  

Entry Amount of 
[DABCO-C18]Br 
(mg) 

Solvent Temperature 
(◦C) 

Time 
(min) 

Yieldb 

(%) 

1 0 H2O RT 60 Trace 
2 5 H2O RT 30 84 
3 10 H2O RT 30 90 
4 20 H2O RT 30 96 
5 30 H2O RT 25 95 
6 40 H2O RT 25 96 
7 50 H2O RT 25 96 
8 20 H2O 40 30 95 
9 20 H2O 80 20 94 
11 20 EtOH RT 30 94 
12 20 EtOH:H2O 

(1:1) 
RT 30 89 

13 20 DMF RT 35 88 
14 20 DCM RT 45 85 
15 20 CH3CN RT 50 78 
16 20 Toluene RT 60 70  
a Reaction conditions: 4-Nitrobenzaldehyde (1 mmol), malononitrile (1 

mmol), 4-hydroxycoumarin (1 mmol), [DABCO-C18]Br (5–50 mg), solvent (5 
mL), RT to 80 ◦C. 

b Isolated yields. 
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Table 2 
Exploration of the substrate scope for the synthesis of dihydropyrano[3,2-c]chromenes in aqueous [DABCO-C18]Br solution at room temperature.a  

Entry Aldehydes Products Time (min) Yieldb (%) M.P (◦C) 
1 30 96 258–260 

2 35 93 262–264 

3 30 92 250–252 

4 30 92 264–266 

5 35 91 244–246 

6 30 94 260–262 

7 45 90 258–260 

(continued on next page) 
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Table 2 (continued ) 
Entry Aldehydes Products Time (min) Yieldb (%) M.P (◦C) 
8 40 90 240–242 

9 40 89 256–258 

10 35 88 250–252 

11 45 88 250–252 

12 35 93 238–240 

13 30 92 222–224 

14 30 91 286–288 

(continued on next page) 
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develop a new better, and more efficient method that can lead to 
enhanced yields under green conditions. 

We experimented with using lawsone to synthesize 2-aminobenzo-
chromene after successfully utilizing 4-hydroxycumarin as a nucleo-
phile. The procedure entails combining aryl aldehydes (1 mmol), 
malononitrile (0.066 g, 1 mmol), lawsone (0.174 g, 1 mmol) under 
varying reaction conditions (Scheme 3). 

To determine the appropriate amount of surfactant, reaction tem-
perature, and solvent type, the model reaction was tested under different 
conditions (Table 3). It was found that no reaction took place when there 
was no catalyst present (Table 3, entry 1). After conducting different 
experiments, it was determined that the ideal reaction conditions 
involve use of 20 mg surfactant in water at a temperature of 80 ◦C 
(Table 3, entry 9). 

After obtaining the optimized conditions, we investigated the reac-
tion scope for the synthesis of different 2-aminobenzochromene de-
rivatives (Table 4). Our findings showed that numerous aromatic 

aldehydes can be effortlessly converted into the intended products with 
yields ranging from good to excellent. 

3.5. Gram-scale synthesis of dihydropyrano[3,2-c]chromene and 2- 
aminobenzochromene 

We examined the effectiveness of the current approach for creating 
dihydropyrano[3,2-c]chromene and 2-aminobenzochromene on a gram 
scale (10 mmol scale). This was achieved by reacting 4-nitrobenzalde-
hyde (1.51 g, 10 mmol), malononitrile (0.66 g, 10 mmol), and 4-hydrox-
ycoumarin (1.62 g, 10 mmol) under standard conditions. Within 90 min, 
the process yielded 94 % of the target product 4a. Similarly, 6a was 

Table 2 (continued ) 
Entry Aldehydes Products Time (min) Yieldb (%) M.P (◦C) 
15 45 87 226–228 

16 30 92 250–252 

17 35 93 200–202  

a Reaction conditions: Aromatic aldehydes (1 mmol), malononitrile (1 mmol), 4-hydroxycoumarin (1 mmol), [DABCO-C18]Br (20 mg), Water (5 mL), RT. 
b Isolated yields. 

Scheme 3. Synthesis of 2-aminobenzochromene using [DABCO-C18]Br surfac-
tant in aqueous solution. 

Table 3 
Influence of quantity of surfactant, nature of solvent, and temperature on the 
yield and reaction time of 2-aminobenzochromene.a  

Entry Amount of 
[DABCO-C18]Br 
(mg) 

Solvent Temperature 
(◦C) 

Time 
(min) 

Yieldb 

(%) 

1 0 H2O RT 60 NR 
2 5 H2O RT 180 94 
3 10 H2O RT 160 95 
4 20 H2O RT 140 96 
5 30 H2O RT 100 95 
6 40 H2O RT 90 96 
7 50 H2O RT 90 96 
8 5 H2O 40 90 90 
9 20 H2O 80 60 96 
11 20 EtOH 80 90 80 
12 20 EtOH:H2O 

(1:1) 
80 90 89 

13 20 DMF 80 70 86 
14 20 DCM 80 120 85 
15 20 CH3CN 80 150 78 
16 20 Toluene 80 160 70  
a Reaction conditions: 4-Nitrobenzaldehyde (1 mmol), malononitrile (1 

mmol), lawsone (1 mmol), [DABCO-C18]Br (5–50 mg), solvent (5 mL), RT to 
80 ◦C. 

b Isolated yields. 
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Table 4 
Exploration of the substrate scope for the synthesis of 2-aminobenzochromenes.a  

Entry Aldehydes Products Time (min) Yieldb (%) M.P (◦C) 
1 60 96 228–230 

2 65 94 246–248 

3 60 88 242–244 

4 70 96 278–280 

5 60 93 250–252 

(continued on next page) 
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Table 4 (continued ) 
Entry Aldehydes Products Time (min) Yieldb (%) M.P (◦C) 
6 75 90 248–250 

7 70 91 258–260 

8 70 90 240–242 

9 60 95 228–230 

10 60 95 246–248 

(continued on next page) 
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produced with a 92 % yield by reacting 4-nitrobenzaldehyde (1.51 g, 10 
mmol), malononitrile (0.66 g, 10 mmol), and lawsone (1.74 g, 10 mmol) 
at 80 ◦C (Scheme 4). 

3.6. Mechanism of synthesis of dihydropyrano[3,2-c]chromenes and 2- 
aminobenzochromenes 

According to the results shown above, Scheme 5 provides a plausible 
mechanism for the creation of chromenes (4) and (6). Initially, [DABCO- 
C18]Br acts as a base, abstracting the acidic proton of malononitrile (2) 
producing anionic intermediate I. The resulting intermediate I attacks 
the carbonyl group of aldehyde (1) to form a Knoevenagel adduct II. In 
the second step, the 4-hydroxycoumarin (3) or lawsone (5) reacts with 
adduct II to create Michael adduct III and III′ respectively. These ad-
ducts undergoes intramolecular cyclization via intermediate IV and IV′ 

followed by tautomerization and delivered the desired products 4a and 
6a respectively. 

3.7. Recyclability 

Efficient recycling of catalytic systems with consistent activity is 
crucial for sustainable organic transformations. To study the recycla-
bility of the catalytic system for dihydropyrano[3,2-c]chromene syn-
thesis, a model reaction was used. The [DABCO-C18]Br containing 
aqueous solution can be easily separated from the reaction mixture 
through filtration. The aqueous layer was then washed with ethyl ace-
tate, and the aqueous layer containing [DABCO-C18]Br was recycled at 
least four times with a slight decrease in activity (Fig. 6). 

3.8. Estimation of greenness of the present protocol 

Later on, several metrics were analyzed to determine the level of 
environmental friendliness of the current protocol [76,77]. Green met-
rics quantify the efficiency and environmental impact of chemical pro-
cesses. These can be better measured by various factors such as 
environmental factor (E factor), turnover number (TON), turnover fre-
quency (TOF), atom economy (AE), atom efficiency (AEf), carbon 

Table 4 (continued ) 
Entry Aldehydes Products Time (min) Yieldb (%) M.P (◦C) 
11 60 94 238–240 

12 65 96 248–250  

a Reaction conditions: Aromatic aldehydes (1 mmol), malononitrile (1 mmol), Lawsone (1 mmol), [DABCO-C18]Br (20 mg), Water (5 mL), 80 ◦C. 
b Isolated yields. 

Scheme 4. Gram scale synthesis of products 4a and 6a using [DABCO-C18]Br.  
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efficiency (CE), optimum efficiency (OE), effective mass yield (EMY), 
reaction mass efficiency (RME), mass productivity (MP), mass intensity 
(MI) and process mass intensity (PMI), as well as solvent and water in-
tensity (SI and WI). Table 5 displays the green chemistry metrics that 
were measured for all the reactions (See Supporting Information, 
Tables S3–S6). 

The representative results of the model reaction under optimized 
reaction conditions are depicted in Fig. 7. The metrics were calculated 
by considering both the with and without catalyst. The results demon-
strated that the values of green chemistry metrics are nearly close to 
their ideal values.  

• We evaluated the efficiency of the catalytic system by measuring the 
TON and TOF values [78]. Our system achieved TON values ranging 
from 19.54 to 21.59 and 19.77 to 21.59, with corresponding TOF 
values of 0.43–0.71 min−1 and 0.26–0.35 min−1.  

• To assess the environmental impact, we used EMY [79]. Our method 
showed an EMY between 82.35 and 91.29 % for compounds 4a–q 
and 83.68–95.14 % for compounds 6a–l which, demonstrates its 
significant environmental friendliness.  

• In the current protocol, the CE is 100 %, while MP is in between 
78.12 % and 86.95 % for compounds 4a–q and 80.00–90.90 % for 
compounds 6a–l.  

• Additionally, the AEf for this method is excellent, ranging from 
94.44–95.26 % and 94.79–95.87 % for compounds 4a–4q and 6a–6l 
respectively.  

• As all products being obtained with good to excellent yields, the AE is 
also high, ranging from 82.38–91.44 % and 95.19–83.84 % for 
compounds 4a–4q and 6a–6l respectively.  

• RME is a faithful metrics for relating the greenness of a process [80], 
and it accounts for yield, stoichiometry, and atom economy. The 
present protocol has achieved RME of up to 86.71 % for compound 

Scheme 5. A plausible mechanism for the synthesis of dihydropyrano[3,2-c]chromenes and 2-aminobenzochromenes using [DABCO-C18]Br.  
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4a and 77.77 % for compound 4o. Similarly, RME 90.28 % for 
compound 6k and 79.50 % for compound 6c.  

• PMI is a decisive metrics for evaluating and benchmarking progress 
toward sustainable manufacturing processes. It measures the total 
mass of materials used to produce a product. The PMI values of this 
protocol range from 14.44–19.86 g/g for compounds 4a–q and 
13.74–18.00 g/g for compounds 6a–l.  

• MI takes into account the yield, stoichiometry, solvent, and reagent 
used in the reaction. The MI for compounds 4a–q are 1.15–1.28 g/g 
and 1.10–1.25 g/g for compounds 6a–l, which is close to the ideal 
value of MI (MI = 1 g/g).  

• The E-factor is an easy way to measure the environmental impact of 
chemical methods. It takes into account the chemical yield and 
consider reagents, solvent loss, and all process aids. The lower the E- 
factor, the less waste is produced during the process. The E-factor for 
current protocol is 0.14–0.28 g/g for compounds 4a–q and 
0.10–0.25 g/g for compounds 6a–l indicating its significant envi-
ronmental friendliness (the optimal E-factor is 0). 

• In chemical reactions, the amount of solvent used is typically sub-
stantial, and its impact on sustainability is measured through SI 
[81,82]. The SI value of a process is zero in the present protocol since 
water is excluded from the calculations and organic solvents are not 
used, except for EtOH in recrystallization. 

4. Conclusion 

In summary, a new surfactant called octadecyl dia-
zbicyclooctadecane bromide [DABCO-C18]Br has impressive surfactant 
properties. Two different methods were used to determine the critical 
micelle concentration (CMC), conductivity analysis yielded a value of 
1.15 mM, while UV–Vis absorption measurement gave a value of 1.0 
mM. The degree of counter ion binding (β) for pure [DABCO-C18]Br was 
found to be 0.828 as determined by conductivity measurements. As 
[DABCO-C18]Br is a strong tertiary base and an excellent surfactant, it 
proved to be a highly efficient catalyst for the synthesis of 
dihydropyrano[3,2-c]chromenes in water at room temperature. Addi-
tionally, it demonstrated good to excellent activity in creating 2-amino-
benzochromenes in water at 80 ◦C. The aqueous solution containing 
[DABCO-C18]Br could be recycled up to four times with a slight decrease 
in product yield from 94 % (1st run) to 86 % (4th run). This protocol is 
quick, energy-efficient, and applicable for large-scale synthesis, with 
excellent green credentials. From a sustainability point of view, green 
chemistry parameters like E-factor, atom economy, and carbon effi-
ciency are in good agreement with the ideal values. All of the green 
metrics are found to be highly satisfactory, thereby supporting sub-
stantial green credentials of the process. 
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Fig. 6. Recyclability of the [DABCO-C18]Br for the synthesis of dihydropyrano[3,2-c]chromenes.  

Table 5 
A range of green chemistry metrics for all the products.  

Sr. 
No. 

Green 
Metrics 

Dihydropyrano[3,2-c] 
chromenes 

2-Aminobenzo 
chromenes 

1 EMY (%) 82.35–91.29 83.68–95.14 
2 AE (%) 94.44–95.26 94.79–95.87 
3 AEf (%) 82.38–91.44 83.84–95.19 
4 CE (%) 100 100 
5 RME (%) 77.77–86.71 79.50–90.28 
6 OE (%) 82.12–91.03 83.43–91.34 
7 MP (%) 78.12–86.95 80.00–90.90 
8 PMI (g/g) 14.14–19.86 13.74 –18.00 
9 MI (g/g) 1.15–1.28 1.10–1.25 
10 E-factor (g/ 

g) 
0.14–0.28 0.10– 0.25 

11 SI (g/g) 0 0 
12 WI (g/g) 26.52–37.17 25.18–33.55 
13 TON 19.54– 21.59 19.77–21.59 
14 TOF min−1 0.43–0.71 0.26–0.35  
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ABSTRACT 
Contamination like oil and organic pollutants in water has a severe problem for 

aquatic life and human being; it is a need to preserve their life. These contaminants 

are added due to frequent oil spill accidents, and industrial as well as domestic 

waste. There is a need to develop methods and materials that show excellent ability 

to separate the oil and organic contaminants from water. Recently, 

superhydrophobic coated sponges, metals mesh, membranes and porous materials 

plays crucial role to separate oil and water from oil-water mixture. The micro and 

nonporous of substrate facilitate to enter liquid into it and 

superhydrophobic/superoliophilic property of substrate surface resist water and 

allows oil to enter into porous substrate. The various surface modified organic metal 

oxide nanoparticles are used to develop superhydrophobic surface on porous 

substrate. Among them SiO2 nanoparticles is promising material to preparation of 

superhydrophobic surface because of their cost-effectiveness and easy synthesis 

techniques.    This review focused on silica modified porous sponge, metal meshes, 

membrane and porous substrate for scalable oil-water separation application. 
 

KEYWORDS 
Superhydrophobic, Oil-water separation, porous sponge, Metal mesh and 

membrane. 

…………………………………………………………………………………………. 
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Frequent oil spill accidents and industrial chemical spills occurred in the sea and the 
ecosystem damage; such incidents have spread to impact the offspring. Therefore, 
considerable surviving organisms for several years after the impact [1-2] efforts have 
been done to remove oil and organic solvents from water.  Due to this extensive 
current research is focussed on the development of superhydrophobic materials for 
effective oil-water separation. To achieve superhydrophobic sponges, surface 
roughness and low surface energy materials play a crucial role. The various methods 
such as dip coating, immersion, spray coating; hydrothermal methods, chemical 
vapor deposition, surface etching, solvothermal methods, layer-by-layer assembly 
and electrochemical treatment describe a modification of sponges for oil and water 
separation [3-4]. At present, traditional technologies, including in situburning [5], 
bioremediation [6], chemical dispersant methods [7], skimming [8], and the use of 
sorbents [9] are used to clean up spilled oils or organic pollutants. However, many of 
these strategies involve energy intensive and slow processes, have low clean-up 
capacities or create secondary pollution during the clean-up process, restricting their 
widespread practical applications [10-11]. To realize the hierarchical structures on 
different material surfaces, a series of strategies, such as sol-gel coating [12], 
chemical vapor deposition [13], plasma etching [14], template processing [15], 
lithographic patterning [16], etc. have been adopted [17]. The superhydrophobic 
surfaces on which water achieves water contact angle higher than 150°and sliding 
angle less than 5°are attracting minds of researchers due to their efficient oil-water 
separation efficiency [18]. 

Recently, Wu et al. [19] have prepared a highly flexible superhydrophobic 
PDMS@F-SiO2 coating for self-cleaning and drag-reduction applications via a two-
step spraying of PDMS and F-SiO2 nanoparticles. However, it is common that 
inorganic particles normally tend to agglomerate due to the interparticle forces 
stemming from the Vander Waals, capillary and electrostatic forces [20], which leads 
to phase separation during the fabrication process and tends to diminish the quality of 
the coating through cracks or weak adhesive to the substrates. Gao et al. [21] 
prepared PVDF/SiO2 coated superhydrophobic porous membranes using a spraying 
technique. These membranes could be used to separate the oil-water mixtures but are 
not applicable to surfactant stabilized water-in-oil emulsions because of their large 
pore sizes. Li et al. [22] prepared the hydrophobic CS by incomplete combustion of 
hydrocarbons from the middle of a candle flame. The PU sponge was immersed in 
the solution of CS, SiO2 and PU resin to achieve stable superhydrophobicity. The 
CS-SiO2-PU sponge was shown excellent oil-water separation efficiency. The CS-
SiO2-PU sponge showed excellent oil-water separation efficiency from hot water, 
acidic solutions, alkaline solutions and salt solutions.  

In this review, the sophisticated, facile and low-cost methods for fabrication of 
superhydrophobic porous material for oil-water separation application are discussed. 
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The 3D sponges, metal meshes, membrane and cotton fabrics are used as substrate 
for scalable oil-water separation application.  

 

2. SUPERHYDROPHOBIC SURFACES FOR OIL-WATER SEPARATION 

2.1 Superhydrophobic Sio2 Modified Sponges for Oil-Water Separation 

Zhang et al. [23] have fabricated the superhydrophobic surface by using VTMS 
and SiO2 via immersion method. The schematic of preparation of superhydrophobic 
sponge is shown in Figure-1.  It was shown a water contact angle of 153.2° and roll-
on angle of 4.8°. The oil is quickly absorbed by superhydrophobic sponge which can 
be shown the superoliophilic property of a modified sponge. The IR peak at 1078 cm-

1 shows the presence of the O-Si-O bond present in the material. It was showing the 
high separation efficiency of about 99.5%. It exhibited good saturated adsorption 
properties exceeding 70 g/g for all oils. It was shows outstanding characteristics of 
superhydrophobic sponge such as high porosity, small pore size and ultra-light mass. 
After 20 cycles, it was found that the adsorption ability of the modified melamine 
sponge for different oils decreased slightly. It shows outstanding stability and 
reusable performance. The modified sponge maintains an 89% of recovery rate even 
after 20 cycles. This method was used to prepare porosity and provides storage space 
for the adsorption of oil pollution. This superhydrophobic composite melamine 
sponge provided the possibility for practical application of oil-water separation. 

 

Figure-1. Schematic illustration of the preparation of superhydrophobic sponge. 
Images reprinted from [23], with permission from Elsevier, Journal of Chemical 

Engineering, Copyright 2020. 
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Liu et al. [24]. have fabricated a superhydrophobic sponge and polyester coated with 
SiO2-DTMS through an entrapment method. The Figure-.2 reveals the fabrication 
process of superhydrophobic sponge and polyester The SiO2 particles were 
introduced by growth on the substrate through the polymerization process, followed 
by the addition of DTMS as an adhesive, leading to a homogeneous and dense 
superhydrophobic membrane. The modified sponge was shown the water contact 
angle up to 172° indicating the water repellence was superior. This superhydrophobic 
sample had good hydrophobic stability even in acidic condition and it can show 
efficient oil-water separation. The amount of the absorbed oil was about 43-65 times 
of sponge own weight can be shown that the evaluation of the mass based on 
absorbed surface tension, density, viscosity of absorbed liquids. It exhibits stable oil 
storage under harsh environmental conditions in oil-water separation. The 
performance remained constant after 100 recycling sequences, even in a harsh water 
environment. 

 
Figure-2. Schematic illustration of the fabrication of a modified sponge and 

polyester. Images reprinted from [24], with permission from Elsevier, 
Copyright 2019. 

2.2 Superhydrophobic Sio2 Modified Metal Meshes for Oil-Water Separation 

 Zhao et al. [25] have prepared superhydrophobic SiO2 nanoparticles by 
improved Stober method and then coated on a chemically etched stainless steel mesh 
by one step dipping method to fabricate superhydrophobic SiO2 coated stainless steel 
mesh. The preparation process was simple, efficient and environmentally friendly. 
The experimental procedure is shown in Figure-3. It shows excellent oil-water 
separation properties, which can be widely used in oil-water separation. It was 
showing 153.3° water contact angle and 0° oil contact angle. The oil-water 
separation efficiency was nearly 96% by using this modified stainless-steel mesh. 
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The separation efficiencies were obtained repeatedly even after 40 cycles without 
noticeable deterioration. The superhydrophobic modified stainless steel mesh shows 
stability, durability and reusability. The SiO2 modified stainless steel mesh indicates 
good material for treating real oil-polluted water in different practical applications. 
This method shows high performance, oil-water separation in a short time and 
repeatedly in comparison with earlier works. 

 
Figure-3. Schematic illustration of the preparation of FSSM. Images reprinted 

from [25], with permission from Elsevier, Copyright 2019. 

Xiong et al. [26] have prepared SiO2 nanoparticles by an improved modified 
method by using TEOS and then coated on a stainless-steel mesh by spraying method 
to fabricate SiO2 coated stainless steel mesh. The Figure-4 illustrates schematic of 
preparation of the superhydrophobic stainless-steel mesh. The preparation process 
was efficient, simple and environmentally friendly. It shows good mechanical 
properties and oil/water separation performance. It was showing 156.4° oil contact 
angle and less than 100water contact angles. The oil-water separation efficiency was 
nearly 98.69% by using this modified stainless-steel mesh. The separation 
efficiencies obtained repeatedly even after 20 cycles without noticeable deterioration. 
The superhydrophobic modified stainless stell mesh shows stability, durability and 
reusability. The SiO2 modified stainless steel mesh indicates excellent material for 
treating oil-polluted water in different practical applications. This method shows an 
easily scaled-up preparation process, stable mechanical and thermal properties, 
offering new prospects for efficient oil/water separationin comparison with earlier 
works. 
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Figure-4 (a) Schematic diagram illustrating the fabrication of air 

superhydrophilic-superoleophobic membrane. (b) Scheme of the oil/water 
separation. Images reprinted from [26], with permission from Elsevier, Journal 

of Colloid and Interface Science, Copyright 2021. 

2.3 Superhydrophobic Sio2 Modified Porous Substrates for Oil-Water 
Separation 

              Gu et al. [27] have prepared a membrane (SiO2/Polyurethane membrane) 
with porous structure rough surface and hydrophobic epidermis by surface 
modification to construct a rough surface and low-energy epidermis on electrospun 
polyurethane membrane. The schematic of experimental procedure is shown in 
Figure-5.  The superhydrophobic SiO2/PU porous membrane prepared by chemical 
modification on the membrane shows a water contact angle 152.1° and low sliding 
angle 6°. This membrane was used for different aqueous solutions like water, saline 
solution, alkaline solution acidic solution. The porous membrane shows low air 
permeability and high-water vapor transmission rate. It shown good oil absorption 
capacity. It was shows high oil-water separation efficiency above 98.5%. The 
absorption capacity of the modified membrane does not show severe degradation 
even after 30 separation cycles which indicating a highly stable absorption 
performance of modified membrane. It provided the potential for eater repellent, 
breathable applications and oil-water separation in long term use. 
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Figure-5. The preparation scheme of superhydrophobic SiO2/PU membrane. 

Images reprinted from [27], with permission from Elsevier, App. Sur. Sci. 
Copyright 2019. 

Wei and their co-researchers [28] have  obtained the SiO2 nanoparticles from ethanol 
and ammonium hydroxide with TEOS. TheSiO2 nanoparticles were isolated by 
repeated centrifugation in ethanol followed by drying in a vacuum oven. A facile 
strategy was presented to prepare silica particles grafting. The sprayable solution be 
easily applied to different porous substrates to achieve durable superhydrophobic 
coating (schematically shown in Figure-6). The surface shows a separation 
efficiency of 98.8% dealing with oil-water mixture. The oil absorption capacity of 
immersion coated polyurethane sponge was demonstrated higher than pristine 
polyurethane sponge an 39 g/g which would benefit from the presence of lipophilic 
PSAN and higher porosity contributed by abundant nanoparticles. After 10 cycles of 
abrasion test the remained separation efficiency of above 96% and water contact 
angle of 151° confirmed the mechanical durability. This sponge shows facile, 
environmentally friendly, mechanical and chemical stability. 
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Figure-6. Schematic illustration of preparation of modified superhydrophobic 
surface for oil-water separation. Images reprinted from [28], with permission 

from Elsevier, Copyright 2021. 

2.4 Superhydrophobic Sio2- Polymer Composite Based Membrane for Oil-
Water Separation 

Li and their co-workers [29] have fabricated the superhydrophobic surface by using 
PVDF and SiO2 via sugar template method. The schematic of preparation method is 
shown Figure-7. It was shown in a water contact angle of 155.68° and roll-on angle 
of nearly 6°. The prepared superhydrophobic PVDF oil/water separation membrane 
had low water adhesion performance and ultrahigh separation efficiency of nearly 
99.98% in terms of the oil purity in the filtrate. The recycling performance over 20 
cycles. This membrane has excellent potential for use in various large-scale practical 
applications, water purification treatment and the separation of commercially 
relevant emulsions. The possibility of large-scale production and low manufacturing 
costs of this sponge is very promising advantages for oil-water separation 
application. 
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Figure-7. Schematic illustration (A) and structural evolution (B) for the 
formation of adhesive-free superhydrophobic SiO2 nanoparticles decorated 

PVDF oil-water separation membranes [29]. Images reprinted from [29], with 
permission from Elsevier, Copyright 2018. 

Bai et al. [30] have coated cotton fabric by sol-gel processed SiO2 The as-prepared 
fabric was immersed in the solution of FeCl3, thiophene and CH2Cl2 solution. Then, 
the modified fabric was washed with ethanol and dry it. Figure-8 reveals the 
experimental procedure of preparation of superhydrophobic fabric. The modified 
fabric shows water contact angles above 160°. The strongest peak at 1050 cm-1 
belongs to the Si-O bond indicating that SiO2 particles have been coated on the 
cotton fabric. The modified cotton fabric shows outstanding resistance to ultraviolet 
irradiation, high temperature, low temperature, organic solvent, immersion and 
excellent durability even after 8 months. The as-prepared fabric was showing the 
capability in various chemical exposures. It was showing good anti-dirt and anti-frost 
properties. The modified superhydrophobic cotton fabric was used as filter 
membrane for the gravity driven oil-water separation with high separation efficiency 
and excellent reusability. By using, this modified cotton fabric, both immiscible and 
emulsified oil-water mixtures could be separated. The efficient oil-water separation 
was also achieved under harsh conditions. The superhydrophobic fabric shows 
potential for the fast, coat-effective treatment of oil spill accidents and industrial oily 
sewage. 
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Figure-8. Schematic Illustration of the fabrication process of the PTh/SiO2@CF 
[30]. Images reprinted from [30], with permission from Elsevier, Adv. Mater. 

Interfaces, Copyright 2021. 

3. CONCLUSION 

This review highlights, SiO2 nanoparticles are unique, their fabrication requires little 
control of external parameters such as surface modification. It is very beneficial 
economically, facile and straightforward to synthesize. The SiO2nanoparticles coated 
sponge/mesh has been developed by using SiO2nanoparticles and different polymers. 
The absorption/separation investigation demonstrates that, the SiO2surface is highly 
efficient and stable in absorbing a wide range of oil and organic solvents. It can be 
believed that, the SiO2coated superhydrophobic materials are very useful for oil-
water separation. It shows various tremendous results with SiO2-polymer composite 
in various mechanical conditions. Hence this review is helpful to upcoming 
researchers to develop highly scalable superhydrophobic surfaces for efficient oil-
water separation applications. 
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Abstract

The application of photocatalytic and self-cleaning titanium dioxide (TiO2) 

nanomaterials coating on the stone of architectural heritage (particularly on 

marble) can be to preserve their aesthetic qualities. The present work 

describes the effect of dipping time in TiO2 - SiO2 coating and effect of UV 

irradiation on coating in term of hydrophilicity. The SiO2 solution prepared by 

tetraethylorthosilicate (TEOS) through sol-gel process and 30-50 nm sized TiO2 

particles added to prepare coating solution. The water contact angle decreases 

with increasing dipping time of piece of marble in TiO2 - SiO2 solution. Also the 

hydrophilicity of coating increases with increasing UV illumination time. The 2-

D and 3-D laser microscope analysis revealed surface structure and stable 

surface roughness of 1.0 µm. Such type of superhydrophilic TiO2 - SiO2 coating 

on marble may be used to apply architectural heritage and buildings. 

Keywords: Photocatalytic, superhydrophilic, Self-cleaning and TiO2 coating.
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1. Introduction

From last decade, scientific research has been paid attention to developing novel surface 

for protection of aesthetic qualities of stone surfaces of historic buildings. Marbles have 

been extensively used in cultural heritages and historical architectures like statues and 

monuments. Increasing concentration of pollutants (soil particles, organisms, bird 

droppings, fire damage, etc.), may cause the deterioration of surfaces architectures. 

Photocatalytic and superhydrophilic TiO2 coating is one of the best solution to avoid this 

problem. TiO2 can generate oxidative (●OH) and reductive (●O2) species under UV light 

irradiation, which are helps to degrade different organic and inorganic compounds [1, 2]. 

Moreover, the hydrophilicity enhanced by -OH, which easily remove the fouling substances 

on TiO2 coated surfaces by flow water film; this is called self-cleaning ability. Munafo et al. 

[3] have sprayed colloidal suspensions of TiO2 on travertine stone to deposit photocatalytic 

self-cleaning coating. After long-term aging under UV-A irradiation, the microstructure of 

coating was unaltered but reduced photoactivity and self-cleaning properties.  Bergamonti 

et al. [4] have applied TiO2-sol on the stone samples by brush, repeating the procedure for 

three times to obtain self-cleaning coating. Lettieri et al. [5] have applied nanostructured 

TiO2 as a photoactive coating onto a compact limestone and a highly porous calcarenite. 

The both types of stone has showed self-cleaning ability by photodegradation test of 

rhodamine B. Luna et al. [6] have applied  sol-gel processed Au-TiO2/SiO2 photocatalysts 

coating on building stone by spray coating . Integrated TiO2 in a silica matrix can enhanced 

its adherence to the substrate and the subsequent coating durability. Au nanoparticles 

enhance the TiO2 photoactivity and the self-cleaning and depolluting performance of the 

coated building stone. Aminian et al. [7] have deposited nanolayer of TiO2 on glass substrate 

by dip coating method and reported that addition of SiO2 nanolayer under the TiO2 layer 

increase the hydrophilicity due to the increase in the roughness and surface area of the 

nano-grains.

In the present work, we have deposited TiO2 - SiO2 coating on white marble by dip coating 

technique. The sol-gel processed silica sol were prepared by using TEOS and TiO2 added in 

silica sol to prepare coating solution. The study of photodegradation of methylene blue 

revealed prepared coating has excellent self-cleaning ability.
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2. Experimental

2.1. Materials

Tetraethylorthosilicte (TEOS, ≥ 99.0%) and TiO2 nanoparticles (< 25 nm particle size, 99.7%) 

were purchased from Sigma-Aldrich, USA.  Ethanol and nitric acid (Extra Pure AR) were 

bought spectrochem pvt. Mumbai, India. Methylene blue dye was obtained from Poona 

Laboratory, Poona, India.  A small pieces of white marble (L x W x H, 5 cm x 2 cm x 1 cm) 

collected from local market

2.2. Preparation of TiO2 coating on Marble

The silica sol was prepared by sol-gel processing of TEOS using nitric acid as catalyst. 11.2 

ml distilled water and 0.6 ml nitric acid mixed well by magnetic stirrer. 7.5 ml of TEOS was 

added drop-by-drop in above mixture and kept at constant stirring (500 RPM). After 5 hr. 

stirring 10 ml ethanol was added slowly and stirring further continued for overnight to get 

silica (SiO2) sol. Thereafter, 60 mg TiO2 nanoparticles were dispersed in prepared silica sol 

and stirred for 2 hr. to get uniform coating solution. The marble pieces were washed by 

laboratory detergent and later by distilled water and dried well by dryer with hot air. The 

cleaned piece of marble dipped in coating solution with various dipping time. Deposited 

marble pieces were dried at 110°C for 6 hr to rid of solvents. The schematic process of 

deposition of superhydrophilic TiO2 � SiO2 coating on marble as shown in Fig.1. The dip-

withdraw speed and dipping time were controlled by Dip-coater machine. The dipping 

time varied from 1 minute to 7 minutes at constant dip-withdraw speed of 50 mm/sec
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Fig. 1: Preparation of TiO2 coating on marble. 

2.3. Characterizations 

A laser microscope (KEYENCE, VK-X200 series) was used to characterize the 2D and 3D 

surface topography of coated marble. A closed metal box with one open side covered by 

black napkin was fabricated and UV lamps (Intensity=1 mW/cm2) was fitted onto the 

ceiling of the box. The photocatalytic property of the coating was confirmed by the 

decrease in water contact angle (WCA) with UV illumination time. The wetting properties 

of the coating surface before and after UV irradiation was confirmed by WCA 

measurements. A contact angle meter (Kyowa, Drop Master; Saitama, Japan) was used to 

measure the WCAs. A small water drop was gently placed on the surface by using syringe. 

The self-cleaning ability of the TiO2 coating under exposure to UV irradiation were checked 

using methylene blue (MB) as a stain.
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3. Result and Discussion

3.1. Surface Topography and Roughness of the Prepared Coating on 

Marble

The surface topography plays an important role on the wettability of the thin films (Fig. 2). 

The TiO2 - SiO2 coating prepared by 01 minute dipping showed relatively smooth surface 

with RMS roughness of nearly 0.74 µm. The increase in dipping time significantly affects 

on thickness as well as roughness of the film. The TiO2 - SiO2 thin films prepared by 07 

minute dipping showed remarkably rough surface structure with RMS roughness of ~ 01.00 

µm. Such surface structure along with highly roughness is helps to achieve the 

superhydrophilic. The deposition time was further increased to 10 minutes, however the 

visible cracks were observed on the thin film, which can be easily removed by the gentle 

fingertip touching.

Fig. 2: The 2-D and 3-D Laser Microscope images of the SiO2-TiO2 thin films prepared from 

(A, B) 01 minute and (C, D) 07 minute deposition time, respectively.  
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3.2. Surface Wettability, Photocatalytic Activity and Self-cleaning 

property

The coating of TiO2 - SiO2 thin film were applied on pre-cleaned marble by dipping at 

different time in coating solution. The dipping time were varied from 01 to 07 minute. As 

usual, 01 minute deposited coating showed WCA of 27° due to smoothness of the thin film. 

However, the WCA gradually decreased to 14° for 07 minute deposited TiO2 - SiO2 thin 

films. The wetting property changes with dipping time of marble in coating solution. The 

variation of WCA with dipping time as shown in the Fig. 3. This is due to the increased in 

roughness of the coating which eventually helps to decrease the wettability of the thin film 

[8].

Fig. 3: An effect of dipping times on wettability of the coating.

When water drop deposited on uncoated marble, water drop stacked with WCA > 40°. 

Other hand, water drop spread on coated marble. The colour dyed water on coated and 

uncoated marble as shown in Fig.4.
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Fig. 4: Optical photograph of behaviour of water drop on coated and uncoated part of the 

marble. 

The effect of UV irradiation on dip-coated marble (07 minute dipping marble) were 

observed. The hydrophilicity of coating increases with duration of UV irradiation [9, 10]. The 

variation of WCA with duration of UV irradiation as shown in Fig. 5.  After 8 minute UV 

irradiation duration, the WCA of coating reached to < 5°, which confirms hydrophilic 

coating become superhydrophilic. This contradict to some reports where 

superhydrophilicity was only achieved after long period of time of UV irradiation. UV 

irradiation causes to form stable hydroxyl groups on TiO2 - SiO2 surface and consequently 

surface becomes more hydrophilic [7]. Mostly, fast reducing WCA of hydrophilic coating 

under UVA radiation, which resulting that superhydrophilic self-cleaning TiO2 - SiO2 

coating. 
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Fig. 5: An effect on UV illumination time on the wettability of the TiO2 - SiO2 coated marble. 

Mostly white marbles are prone to damage by air and water pollution. The continuous 

degradation of monuments due to organic pollutants may soon become irreversible. The 

degradation of MB has extensively used to evaluate self-cleaning ability of coated marble 

[4, 11]. The systematically evaluated self-cleaning activity by adopting standard procedure. 

0.5 ml of MB was poured on coated marble as shown in Fig.6 (A). Later, this marble placed 

at 10 cm from UV source in degradation chamber for degradation of MB. 30 hrs exposure 

to UV irradiation caused more than 90% degradation of MB (Fig.6 (B)). This confirms the 

prepared TiO2 - SiO2 coated marble exhibited excellent self-cleaning ability under exposure 

to UV illumination.

Fig. 6: Photograph of self-cleaning photodegradation test by MB, (A) before UV exposure 

and (B) after 30 hrs exposure to UV irradiation. 
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4. Conclusion

Superhydrophilic TiO2 - SiO2 thin films were successfully applied on marble for 

photocatalytic and self-cleaning application. A coating with 07 minutes of deposition time 

revealed hydrophilic property with contact angle nearly 14°. After exposure to UV 

irradiation for 8 minutes the contact angled reduced < 5°. The surface roughness of coating 

was found increased with deposition time. A transformation of surface wettability of TiO2 

film into superhydrophilic state and subsequent decomposition of organic pollutants by 

UV exposure leads to self-cleaning phenomena.
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Superhydrophobic PVC/SiO2 Coating for Self-Cleaning
Application

Rajaram S. Sutar, Prashant J. Kalel, Sanjay S. Latthe, Deepak A. Kumbhar,

Smita S. Mahajan, Prashant P. Chikode, Swati S. Patil, Sunita S. Kadam, V. H. Gaikwad,

Appasaheb K. Bhosale, Kishor Kumar Sadasivuni, Shanhu Liu,* and Ruimin Xing*

A lotus leaf like self-cleaning superhydrophobic coating has high demand in

industrial applications. Such coatings are prepared by alternative dip and

spray deposition techniques. A layer of polyvinyl chloride is applied on glass

substrate by dip coating and then spray coated a suspension of hydrophobic

silica nanoparticles at substrate temperature of 50 °C. This coating procedure

is repeated for three times to achieve rough surface morphology which

exhibits a water contact angle of 169 ± 2° and sliding angle of 6°. The

superhydrophobic state of the coating is still preserved when water volume of

1.2 L is used to impact the water drops on coating surface. The stability of the

wetting state of the coating is analyzed against the water jet, adhesive tape

and sandpaper abrasion tests. The prepared superhydrophobic coating

strongly repelled the muddy water suggesting its importance in self-cleaning

applications.

1. Introduction

Lotus leaf is a perfect model of self-cleaning superhydropho-
bic surface with specific combination of surface chemistry (sur-
face energy) and surface topography (surface roughness).[1,2]

A low surface energy hierarchical surface structure of lotus
leaf surface revealed unusual wettability (water contact an-
gle (WCA) greater than 150° and sliding angle less than 10°)
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which inspired to create artificial su-
perhydrophobic surface by increasing
surface roughness along with decreasing
surface energy. Such superhydrophobic
surfaces have numerous applications
including self-cleaning, anti-corrosion,
drag-reduction, oil-water separation, and
etc.[3–8] So far, SiO2, TiO2, ZnO, Al2O3,
candle soot and various polymers have
been used to fabricate self-cleaning su-
perhydrophobic coatings.[9–14] Among
them, polymer/SiO2 nanocomposite
is a promising in preparation of self-
cleaning superhydrophobic coatings.[15,16]

The self-cleaning property of superhy-
drophobic coatings has attracted signifi-
cant interest in industrial applications. Re-
cently, Latthe et al. have applied suspen-
sion of hydrophobic SiO2 nanoparticles

(NPs) on different types of substrates including body of mo-
torcycle, building wall, mini boat, solar cell panel, window
glass, cotton shirt, fabric shoes, cellulose paper, metal, wood,
sponges, plastic, and marble which revealed high water repel-
lency and excellent self-cleaning property.[17] Many reports are
available on the preparation of superhydrophobic polyvinyl chlo-
ride (PVC) thin films using ethanol.[18–20] Seyfi et al. have drop
casted a mixture of PVC, Ag3PO4, and ethanol on thermoplastic
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Figure 1. a) Optical photograph of color water drop on superhydrophobic coating, b) the image of water jet impacting on coating, c and d) different
magnification SEM images of superhydrophobic coating.

polyurethane (TPU) substrate and achieved antibacterial super-
hydrophobic surface.[21] The as prepared superhydrophobic TPU
surface showed WCA ≈ 156° and SA ≈ 2° with self-cleaning
performance. Also, Guo et al.[15] have reported that water drops
rolled off immediately on the coating prepared by casting of
polymer (PVC, PMMA, and PE) and SiO2 NPs composite on
various substrates like copper, aluminum, stainless steel, sili-
con, glass and filter paper. Rivero et al.[22] have prepared su-
perhydrophobic surface by depositing ZnO NPs incorporated
polystyrene (PS) and PVC polymeric solution on aluminum al-
loy substrate using the electrospinning technique. Yuan et al.[23]

have obtained lotus-leaf-like superhydrophobic PVC film by cast-
ing PVC solution on negative template of PDMS. Other than
this, Zhang et al.[24] have obtained superhydrophobic coating
by pouring PVC/SiO2 mixture on negative template of PDMS
and reported that superhydrophobicity depends on weight per-
centage of SiO2 particles in PVC. Chen et al.[25] have prepared
water-repellent SiO2/polymer (PS and PVC) composite coat-
ing without any surface chemical modification by spin coat-
ing. The amount of hydrophobic SiO2 NPs in PVC or PS af-
fects the surface roughness and hence the wettability of the
coating.
Herein, we have prepared superhydrophobic surface on glass

by dip coating followed by spray coating method. The hydropho-
bic SiO2 NPs were prepared by sol–gel technique. A thin layer of
PVC was applied on glass substrate by dip coating and dried at
room temperature. After that, a suspension of SiO2 NPs in hex-
ane was sprayed on PVC coated glass substrate at substrate tem-
perature of 50 °C. The superhydrophobic coating was obtained
by applying multiple alternative layers of PVC and SiO2 NPs on
glass substrate.

2. Result and Discussion

2.1. Surface Microstructure and Wettability

The multiple layers of PVC/SiO2 were applied on glass substrate
to obtain desired surface roughness which is the main require-
ment of extreme water repellency. Figure 1c represents the sur-
face microstructure of three bilayer of PVC/SiO2 coating, where
the aggregated SiO2 NPs were distributed on the PVC layer. The
PVC layer can help SiO2 NPs to adhere firmly on the coating
surface. The aggregation of SiO2 NPs is not uniform and the
grain sizes from 5 µm to 100 nm were observed (Figure 1d).
These different size scale grains provide hierarchical surface
morphology. Nearly similar surface morphology was reported
for the PVC/SiO2 nanocomposite coating prepared by spin coat
technique.[25] This hierarchical surface morphology tends to trap
small air pockets in the rough voids and hence a water drop can
sit on the air-solid composite structure with minimum contact
to the solid fraction of the surface. A water drop can only touch
a small solid fraction of the coating, as the trapped air pushes
away the water drops and not allowing the water drops to wet the
inner portion of a rough surface. As shown in the Figure 1a, the
water drops hardly stay on the three bilayer of PVC/SiO2 superhy-
drophobic coating. Every water drop takes spherical shape at dif-
ferent positions on the coating surface confirming the uniform
deposition of PVC/SiO2 on the substrate. The superhydrophobic
coating was appeared opaque due to the presence of micrometer
scaled grains which allows scattering of the visible light. Also the
water jet was impacted on the superhydrophobic coating which
rebounds off the surface quickly after impacting (Figure 1b). The
trapped air in the rough surface resists the water jet to invade the

Macromol. Symp. 2020, 393, 2000034 © 2020 Wiley-VCH GmbH2000034 (2 of 6)
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Figure 2. The variation of water contact angle with layer of polyvinyl chlo-
ride and SiO2 particles.

rough structure. Also water jet rebounding confirms the robust-
ness of the coating.
A systematic study was performed on the dependence of num-

bers of bilayers on the wettability of the coating (Figure 2). A
first bilayer coating exhibited a WCA of 110±5° confirming hy-
drophobic nature of the coating. The surface roughness of the
coating is quite low to trap the air pockets and hence the wet-
tability falls in the Wenzel’s state[26] where the solid fraction of
the coating was partially wetted by the water drops. Though the
WCA increased to 140 ± 6° with considerable decrease in solid-
liquid contact area in case of two bilayer coating, the wettability
was still in the Wenzel’s wetting state. The WCA of 169 ± 7° and
SA of 6° was observed for three bilayer coating confirming super-
hydrophobicity in Cassie-Baxter’s wetting state.[27] A water drop
floats on the layer of air having minimum contact with solid frac-
tion of the coating surface and hence readily roll off the surface.
For next bilayer coatings, theWCA tends to decrease as a result of
increase in thickness which creates visible cracks in the coatings
during evaporation of solvent.

2.2. Durability Tests

The mechanical durability of superhydrophobic coating can be
evaluated by water jet and water drop impact, sand paper abra-
sion and adhesive tape peeling test.[28] Here, the water jet was de-
veloped by 15 mL syringe. The water jet was immediately spread
on uncoated glass slide due to smooth surface structure with hy-
drophilic nature. On the other hand, the water jet bounced off the
superhydrophobic coating as shown in Figure 1b. The air trapped
hierarchical structure strongly avoids pinning of water jet on the
surface.[5,29] The wettability of the coating was checked after wa-
ter jet impact study and the coating showed no change in its su-
perhydrophobic property confirming its robustness. Water drop
impact test was carried out by adjusting the distance between su-
perhydrophobic coating and tip of tap about 10 cm as shown in
schematic (Figure 3a). Nearly 2 L of water was dropped on the
superhydrophobic coating inclined at 30° with drop falling rate

of 90 drops min-1. The effect of water drop impact on the wetting
properties of the superhydrophobic coating was estimated. The
superhydrophobic state of the coating was intact for the impact
of 1.2 L of the water as a result of stable air pockets in the rough
microstructure of the coating which avoids water drop penetra-
tion inside the coating structure. However, the trapped air starts
to evacuate from the rough structure and also the rough structure
might have partly ruined due to continuous impact of water drops
and as a result, WCA decreased to less than 140° for impacting
2.0 L of water (Figure 3b).
The adhesive tape peeling test was carried by using Cellotape

No.405 having adhesiveness of 3.93 N/10mm. A tape was applied
firmly on the superhydrophobic coating with the help of 200 g
weighted disk rolling back and forth on it (Figure 4a).[28] After
slowly peeling off the tape, some amount of the coating material
was observed stacked on the adhesive tape; however, the coating
showed theWCA of 165° (Figure 4b). The superhydrophobicity of
the coating was found intact for two cycles of adhesive tape test,
and then theWCAdecreased to 80° for five cycles of adhesive tape
test confirming the exhaustive loss of PVC/SiO2 from the coating
(Figure 4c).
In large scale applications, superhydrophobic coatings can be

damaged by scratch, rubbing and finger contact. To sustain the
hierarchical micro/nanostructure and low surface energy of su-
perhydrophobic coating under mechanical abrasion is one of the
important issue. Here, the mechanical abrasion test was per-
formed using sandpaper grit no. 400. The schematic of sandpa-
per abrasion process is illustrated in Figure 5a. A weight (100 g)
was placed on superhydrophobic coating and dragged for 10 cm
length on sandpaper at the average speed of 0.5 cm sec-1. The ef-
fect of abrasion distance on the wettability of the superhydropho-
bic coating was studied (Figure 5b). The wettability of the coating
was found in the superhydrophobic state for dragging the coating
for nearly 30 cm on the sandpaper which confirms no significant
loss in the surface roughness of the coating. However, the WCA
decreased to 93° for dragging the coating for 60 cm on sandpaper
confirming substantial damage to the coating.

2.3. Self-Cleaning Property

High water repellent property of the surface with low water slid-
ing angle helps to keep the surface clean like a lotus leaf. In open
air, many solid surfaces are contaminated by various types of dust
particles. On superhydrophobic surface, spherical shaped water
drop roll away easily by collecting dust particles, performing self-
clean ability. The self-cleaning ability of the prepared superhy-
drophobic coating was tested by muddy water. The muddy water
was prepared by dispersing fine particles of soil in water. This
muddy water was poured on the superhydrophobic coating. In
the process of pouring muddy water, it eventually get repelled off
the superhydrophobic coating (Figure 6a–c). After pouring 50mL
of muddy water, surface becomes clean similar to lotus leaf (Fig-
ure 6c). This indicates prepared superhydrophobic coating was
highly water repellent with excellent self-cleaning property.

3. Conclusions

We have used a conventional dip and spray coating techniques to
prepare superhydrophobic coating by applying consecutive layers

Macromol. Symp. 2020, 393, 2000034 © 2020 Wiley-VCH GmbH2000034 (3 of 6)
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Figure 3. a) A schematic of water drop impact test, b) the effect of water drop impact on wettability of the superhydrophobic coating.

Figure 4. a) Rolling of 200 g weighted disc on adhesive tape placed on coating, b) adhesive tape peeling off and c) effect of adhesive tape peeling cycles
on the wettability of the superhydrophobic coating.

of PVC and hydrophobic SiO2 NPs on glass substrate. The hierar-
chical rough microstructure with different scaled grains of SiO2

NPs was observed. The self-cleaning superhydrophobic coating
with WCA of 169 ± 2° and sliding angle of 6° was achieved by
applying three bilayers of alternate PVC followed by hydrophobic
SiO2 NPs. The water jet bouncing off the surface indicates the air
pockets trapped in dual scale rough structure. After dripping the

water of volume 1.2 L, the water drop impacted coating showed
invariable wettability. The superhydrophobic coatings were mod-
erately stable against adhesive tape and sandpaper abrasion tests.
Future practical applications of these coating can be found in
windshields of vehicles, solar cell panels and windows of build-
ings, if their transparency and mechanical stability could be fur-
ther enhanced.

Macromol. Symp. 2020, 393, 2000034 © 2020 Wiley-VCH GmbH2000034 (4 of 6)
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Figure 5. a) Schematic of sandpaper abrasion test and b) the variation of water contact angle with sandpaper abrasion distance.

Figure 6. a-c) Self-cleaning behavior of superhydrophobic coating.

4. Experimental Section

Materials: Methyltrimethoxysilane (MTMS) and PVC were purchased
from Sigma-Aldrich, USA. Ethanol, methanol, ammonia solution, tetrahy-
drofuron (THF) and hexane were bought from Spectrochem PVT. LTD.,
India. Micro-Glass slides (75 × 25 × 1.35 mm) were obtained from Blue
star, Polar Industrial Corporation, India.

Synthesis of Hydrophobic SiO2 NPs: The hydrophobic SiO2 NPs were
synthesized using sol–gel method reported in literature.[30] The mixture
of 2 mL MTMS, 20 mL methanol and 4 mL distilled water was stirred for
20 min. After that ammonia solution was added dropwise and kept for
stirring for 30 min. The prepared gel was aged for overnight and dried at
80°C for 5 h. The dried gel was grinded well using mortar and pestle to
obtain fine powder of silica particles.

Preparation of Superhydrophobic Coating: At first, the glass substrates
were ultrasonically cleaned with distilled water and ethanol for 30 min
and dried at room temperature. The cleaned glass substrate was dipped
in the PVC solution for 30 s. The solution was prepared by dissolving
100 mg PVC powder in 10 mL THF using magnetic stirrer (200 rpm
for 30 min). A thin layer of PVC deposited glass substrate was dried at
room temperature. A suspension of SiO2 NPs (100 mg) was prepared
by dispersing in 10 mL hexane and sprayed on PVC deposited glass
substrate at substrate temperature of 50 °C. Finally PVC/SiO2 deposited
glass substrate was annealed at 100 °C for 1 h. In this way, one bilayer
of PVC/SiO2 was applied on glass substrate. This procedure was re-
peated to deposit two, three and four bilayers of PVC/SiO2 on glass
substrate.

Characterizations: The wettability of prepared coatings was evaluated
by measuring WCA and sliding angle (SA) using contact angle meter (HO-
IAD-CAM-01, Holmarc Opto-Mechatronics Pvt. Ltd. India). The surface
morphology of coating was characterized by field emission scanning elec-
tron microscopy (FESEM, JEOL, JSM-7610F, Japan). The water jet impact
test was carried out by using 15mL syringe. For water drop impact test, the
coated glass substrate was kept at 30° inclination and water drops were
dropped from the height of 10 cm. The mechanical stability of the coat-
ing was checked by adhesive tape peeling and sandpaper abrasion test.
The self-cleaning behavior was observed by pouring muddy water on the
coating.
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ABSTRACT 
Contamination like oil and organic pollutants in water has a severe problem for 

aquatic life and human being; it is a need to preserve their life. These contaminants 

are added due to frequent oil spill accidents, and industrial as well as domestic 

waste. There is a need to develop methods and materials that show excellent ability 

to separate the oil and organic contaminants from water. Recently, 

superhydrophobic coated sponges, metals mesh, membranes and porous materials 

plays crucial role to separate oil and water from oil-water mixture. The micro and 

nonporous of substrate facilitate to enter liquid into it and 

superhydrophobic/superoliophilic property of substrate surface resist water and 

allows oil to enter into porous substrate. The various surface modified organic metal 

oxide nanoparticles are used to develop superhydrophobic surface on porous 

substrate. Among them SiO2 nanoparticles is promising material to preparation of 

superhydrophobic surface because of their cost-effectiveness and easy synthesis 

techniques.    This review focused on silica modified porous sponge, metal meshes, 

membrane and porous substrate for scalable oil-water separation application. 
 

KEYWORDS 
Superhydrophobic, Oil-water separation, porous sponge, Metal mesh and 

membrane. 

…………………………………………………………………………………………. 
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Frequent oil spill accidents and industrial chemical spills occurred in the sea and the 
ecosystem damage; such incidents have spread to impact the offspring. Therefore, 
considerable surviving organisms for several years after the impact [1-2] efforts have 
been done to remove oil and organic solvents from water.  Due to this extensive 
current research is focussed on the development of superhydrophobic materials for 
effective oil-water separation. To achieve superhydrophobic sponges, surface 
roughness and low surface energy materials play a crucial role. The various methods 
such as dip coating, immersion, spray coating; hydrothermal methods, chemical 
vapor deposition, surface etching, solvothermal methods, layer-by-layer assembly 
and electrochemical treatment describe a modification of sponges for oil and water 
separation [3-4]. At present, traditional technologies, including in situburning [5], 
bioremediation [6], chemical dispersant methods [7], skimming [8], and the use of 
sorbents [9] are used to clean up spilled oils or organic pollutants. However, many of 
these strategies involve energy intensive and slow processes, have low clean-up 
capacities or create secondary pollution during the clean-up process, restricting their 
widespread practical applications [10-11]. To realize the hierarchical structures on 
different material surfaces, a series of strategies, such as sol-gel coating [12], 
chemical vapor deposition [13], plasma etching [14], template processing [15], 
lithographic patterning [16], etc. have been adopted [17]. The superhydrophobic 
surfaces on which water achieves water contact angle higher than 150°and sliding 
angle less than 5°are attracting minds of researchers due to their efficient oil-water 
separation efficiency [18]. 

Recently, Wu et al. [19] have prepared a highly flexible superhydrophobic 
PDMS@F-SiO2 coating for self-cleaning and drag-reduction applications via a two-
step spraying of PDMS and F-SiO2 nanoparticles. However, it is common that 
inorganic particles normally tend to agglomerate due to the interparticle forces 
stemming from the Vander Waals, capillary and electrostatic forces [20], which leads 
to phase separation during the fabrication process and tends to diminish the quality of 
the coating through cracks or weak adhesive to the substrates. Gao et al. [21] 
prepared PVDF/SiO2 coated superhydrophobic porous membranes using a spraying 
technique. These membranes could be used to separate the oil-water mixtures but are 
not applicable to surfactant stabilized water-in-oil emulsions because of their large 
pore sizes. Li et al. [22] prepared the hydrophobic CS by incomplete combustion of 
hydrocarbons from the middle of a candle flame. The PU sponge was immersed in 
the solution of CS, SiO2 and PU resin to achieve stable superhydrophobicity. The 
CS-SiO2-PU sponge was shown excellent oil-water separation efficiency. The CS-
SiO2-PU sponge showed excellent oil-water separation efficiency from hot water, 
acidic solutions, alkaline solutions and salt solutions.  

In this review, the sophisticated, facile and low-cost methods for fabrication of 
superhydrophobic porous material for oil-water separation application are discussed. 



 

  Page 3 

 

 

 

The 3D sponges, metal meshes, membrane and cotton fabrics are used as substrate 
for scalable oil-water separation application.  

 

2. SUPERHYDROPHOBIC SURFACES FOR OIL-WATER SEPARATION 

2.1 Superhydrophobic Sio2 Modified Sponges for Oil-Water Separation 

Zhang et al. [23] have fabricated the superhydrophobic surface by using VTMS 
and SiO2 via immersion method. The schematic of preparation of superhydrophobic 
sponge is shown in Figure-1.  It was shown a water contact angle of 153.2° and roll-
on angle of 4.8°. The oil is quickly absorbed by superhydrophobic sponge which can 
be shown the superoliophilic property of a modified sponge. The IR peak at 1078 cm-

1 shows the presence of the O-Si-O bond present in the material. It was showing the 
high separation efficiency of about 99.5%. It exhibited good saturated adsorption 
properties exceeding 70 g/g for all oils. It was shows outstanding characteristics of 
superhydrophobic sponge such as high porosity, small pore size and ultra-light mass. 
After 20 cycles, it was found that the adsorption ability of the modified melamine 
sponge for different oils decreased slightly. It shows outstanding stability and 
reusable performance. The modified sponge maintains an 89% of recovery rate even 
after 20 cycles. This method was used to prepare porosity and provides storage space 
for the adsorption of oil pollution. This superhydrophobic composite melamine 
sponge provided the possibility for practical application of oil-water separation. 

 

Figure-1. Schematic illustration of the preparation of superhydrophobic sponge. 
Images reprinted from [23], with permission from Elsevier, Journal of Chemical 

Engineering, Copyright 2020. 
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Liu et al. [24]. have fabricated a superhydrophobic sponge and polyester coated with 
SiO2-DTMS through an entrapment method. The Figure-.2 reveals the fabrication 
process of superhydrophobic sponge and polyester The SiO2 particles were 
introduced by growth on the substrate through the polymerization process, followed 
by the addition of DTMS as an adhesive, leading to a homogeneous and dense 
superhydrophobic membrane. The modified sponge was shown the water contact 
angle up to 172° indicating the water repellence was superior. This superhydrophobic 
sample had good hydrophobic stability even in acidic condition and it can show 
efficient oil-water separation. The amount of the absorbed oil was about 43-65 times 
of sponge own weight can be shown that the evaluation of the mass based on 
absorbed surface tension, density, viscosity of absorbed liquids. It exhibits stable oil 
storage under harsh environmental conditions in oil-water separation. The 
performance remained constant after 100 recycling sequences, even in a harsh water 
environment. 

 
Figure-2. Schematic illustration of the fabrication of a modified sponge and 

polyester. Images reprinted from [24], with permission from Elsevier, 
Copyright 2019. 

2.2 Superhydrophobic Sio2 Modified Metal Meshes for Oil-Water Separation 

 Zhao et al. [25] have prepared superhydrophobic SiO2 nanoparticles by 
improved Stober method and then coated on a chemically etched stainless steel mesh 
by one step dipping method to fabricate superhydrophobic SiO2 coated stainless steel 
mesh. The preparation process was simple, efficient and environmentally friendly. 
The experimental procedure is shown in Figure-3. It shows excellent oil-water 
separation properties, which can be widely used in oil-water separation. It was 
showing 153.3° water contact angle and 0° oil contact angle. The oil-water 
separation efficiency was nearly 96% by using this modified stainless-steel mesh. 
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The separation efficiencies were obtained repeatedly even after 40 cycles without 
noticeable deterioration. The superhydrophobic modified stainless steel mesh shows 
stability, durability and reusability. The SiO2 modified stainless steel mesh indicates 
good material for treating real oil-polluted water in different practical applications. 
This method shows high performance, oil-water separation in a short time and 
repeatedly in comparison with earlier works. 

 
Figure-3. Schematic illustration of the preparation of FSSM. Images reprinted 

from [25], with permission from Elsevier, Copyright 2019. 

Xiong et al. [26] have prepared SiO2 nanoparticles by an improved modified 
method by using TEOS and then coated on a stainless-steel mesh by spraying method 
to fabricate SiO2 coated stainless steel mesh. The Figure-4 illustrates schematic of 
preparation of the superhydrophobic stainless-steel mesh. The preparation process 
was efficient, simple and environmentally friendly. It shows good mechanical 
properties and oil/water separation performance. It was showing 156.4° oil contact 
angle and less than 100water contact angles. The oil-water separation efficiency was 
nearly 98.69% by using this modified stainless-steel mesh. The separation 
efficiencies obtained repeatedly even after 20 cycles without noticeable deterioration. 
The superhydrophobic modified stainless stell mesh shows stability, durability and 
reusability. The SiO2 modified stainless steel mesh indicates excellent material for 
treating oil-polluted water in different practical applications. This method shows an 
easily scaled-up preparation process, stable mechanical and thermal properties, 
offering new prospects for efficient oil/water separationin comparison with earlier 
works. 
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Figure-4 (a) Schematic diagram illustrating the fabrication of air 

superhydrophilic-superoleophobic membrane. (b) Scheme of the oil/water 
separation. Images reprinted from [26], with permission from Elsevier, Journal 

of Colloid and Interface Science, Copyright 2021. 

2.3 Superhydrophobic Sio2 Modified Porous Substrates for Oil-Water 
Separation 

              Gu et al. [27] have prepared a membrane (SiO2/Polyurethane membrane) 
with porous structure rough surface and hydrophobic epidermis by surface 
modification to construct a rough surface and low-energy epidermis on electrospun 
polyurethane membrane. The schematic of experimental procedure is shown in 
Figure-5.  The superhydrophobic SiO2/PU porous membrane prepared by chemical 
modification on the membrane shows a water contact angle 152.1° and low sliding 
angle 6°. This membrane was used for different aqueous solutions like water, saline 
solution, alkaline solution acidic solution. The porous membrane shows low air 
permeability and high-water vapor transmission rate. It shown good oil absorption 
capacity. It was shows high oil-water separation efficiency above 98.5%. The 
absorption capacity of the modified membrane does not show severe degradation 
even after 30 separation cycles which indicating a highly stable absorption 
performance of modified membrane. It provided the potential for eater repellent, 
breathable applications and oil-water separation in long term use. 
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Figure-5. The preparation scheme of superhydrophobic SiO2/PU membrane. 

Images reprinted from [27], with permission from Elsevier, App. Sur. Sci. 
Copyright 2019. 

Wei and their co-researchers [28] have  obtained the SiO2 nanoparticles from ethanol 
and ammonium hydroxide with TEOS. TheSiO2 nanoparticles were isolated by 
repeated centrifugation in ethanol followed by drying in a vacuum oven. A facile 
strategy was presented to prepare silica particles grafting. The sprayable solution be 
easily applied to different porous substrates to achieve durable superhydrophobic 
coating (schematically shown in Figure-6). The surface shows a separation 
efficiency of 98.8% dealing with oil-water mixture. The oil absorption capacity of 
immersion coated polyurethane sponge was demonstrated higher than pristine 
polyurethane sponge an 39 g/g which would benefit from the presence of lipophilic 
PSAN and higher porosity contributed by abundant nanoparticles. After 10 cycles of 
abrasion test the remained separation efficiency of above 96% and water contact 
angle of 151° confirmed the mechanical durability. This sponge shows facile, 
environmentally friendly, mechanical and chemical stability. 
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Figure-6. Schematic illustration of preparation of modified superhydrophobic 
surface for oil-water separation. Images reprinted from [28], with permission 

from Elsevier, Copyright 2021. 

2.4 Superhydrophobic Sio2- Polymer Composite Based Membrane for Oil-
Water Separation 

Li and their co-workers [29] have fabricated the superhydrophobic surface by using 
PVDF and SiO2 via sugar template method. The schematic of preparation method is 
shown Figure-7. It was shown in a water contact angle of 155.68° and roll-on angle 
of nearly 6°. The prepared superhydrophobic PVDF oil/water separation membrane 
had low water adhesion performance and ultrahigh separation efficiency of nearly 
99.98% in terms of the oil purity in the filtrate. The recycling performance over 20 
cycles. This membrane has excellent potential for use in various large-scale practical 
applications, water purification treatment and the separation of commercially 
relevant emulsions. The possibility of large-scale production and low manufacturing 
costs of this sponge is very promising advantages for oil-water separation 
application. 
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Figure-7. Schematic illustration (A) and structural evolution (B) for the 
formation of adhesive-free superhydrophobic SiO2 nanoparticles decorated 

PVDF oil-water separation membranes [29]. Images reprinted from [29], with 
permission from Elsevier, Copyright 2018. 

Bai et al. [30] have coated cotton fabric by sol-gel processed SiO2 The as-prepared 
fabric was immersed in the solution of FeCl3, thiophene and CH2Cl2 solution. Then, 
the modified fabric was washed with ethanol and dry it. Figure-8 reveals the 
experimental procedure of preparation of superhydrophobic fabric. The modified 
fabric shows water contact angles above 160°. The strongest peak at 1050 cm-1 
belongs to the Si-O bond indicating that SiO2 particles have been coated on the 
cotton fabric. The modified cotton fabric shows outstanding resistance to ultraviolet 
irradiation, high temperature, low temperature, organic solvent, immersion and 
excellent durability even after 8 months. The as-prepared fabric was showing the 
capability in various chemical exposures. It was showing good anti-dirt and anti-frost 
properties. The modified superhydrophobic cotton fabric was used as filter 
membrane for the gravity driven oil-water separation with high separation efficiency 
and excellent reusability. By using, this modified cotton fabric, both immiscible and 
emulsified oil-water mixtures could be separated. The efficient oil-water separation 
was also achieved under harsh conditions. The superhydrophobic fabric shows 
potential for the fast, coat-effective treatment of oil spill accidents and industrial oily 
sewage. 
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Figure-8. Schematic Illustration of the fabrication process of the PTh/SiO2@CF 
[30]. Images reprinted from [30], with permission from Elsevier, Adv. Mater. 

Interfaces, Copyright 2021. 

3. CONCLUSION 

This review highlights, SiO2 nanoparticles are unique, their fabrication requires little 
control of external parameters such as surface modification. It is very beneficial 
economically, facile and straightforward to synthesize. The SiO2nanoparticles coated 
sponge/mesh has been developed by using SiO2nanoparticles and different polymers. 
The absorption/separation investigation demonstrates that, the SiO2surface is highly 
efficient and stable in absorbing a wide range of oil and organic solvents. It can be 
believed that, the SiO2coated superhydrophobic materials are very useful for oil-
water separation. It shows various tremendous results with SiO2-polymer composite 
in various mechanical conditions. Hence this review is helpful to upcoming 
researchers to develop highly scalable superhydrophobic surfaces for efficient oil-
water separation applications. 
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ABSTRACT 

 Superhydrophobic surfaces are highly hydrophobic i.e., it extremely difficult to wet. 

Superhydrophobic surfaces are the tendency to repel water drops and absorb oil drops. The 

water contact angle of superhydrophobic surfaces is greater than 150°, the oil contact angle is 

less than 5°, and the sliding angle is less than 5°. It is showing the lotus effect. Super 

hydrophobicity is observed in the lotus leaves, insects, and some other plants in which their 

leaves would not get wet.  This phenomenon is due to the unique surface structure of the lotus 

leaf and also the presence of a low surface energy material on the surface of the leaf. For the 

formation of a superhydrophobic surface, the surface must show hierarchical micro- and nano-

roughness and low surface energy. Efforts have been taken to form superhydrophobic surfaces 

for a variety of applications. There are many applications of superhydrophobic surfaces such 

as self-cleaning surfaces, oil-water separation surfaces, anti-icing surfaces, anti-corrosion 

surfaces, anti-fogging surfaces, and water-resistant surfaces. In this article, the fundamental 

principles of superhydrophobic surfaces, some recent trends in the fabrication of 

superhydrophobic surfaces, and their applications are reviewed and discussed. 

Keywords: Super hydrophobicity, Superoleophobicity, Lotus effect, Self-cleaning, Anti-

icing. 
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INTRODUCTION: 

 Many plants and insects are water-repellent due to their hydrophobic surface with microscopic 

roughness. These surfaces show snit-adhesive properties against particulate contamination. 

This mechanism is like the Lotus effect which is the most important function of many 

microstructures and biological surfaces. Barthlott et. al. discovers the Lotus effect; two things 

caused the leaf surface to be superhydrophobic: one a waxy material and the second numerous 

microscopic bumps. The hydrophobic nature of the waxy surface shows high contact angle. 

The microscopic bumps show the hydrophobic surface to behave superhydrophobic surface. 

The air trapped between the spaces of microscopic bumps increases the water contact angle to 

greater than 160°. Due to the greater water contact angle, the drop of water becomes nearly 

spherical and rolls across the leaf [1-6]. Lotus leaf plant is not only single plants that exhibit 

superhydrophobic surface but also different insects and plants that show superhydrophobic 

surfaces [7-9]. Some of them are shown in figure 1 and the water contact angle of some plants 

and insects are shown in Table 1. 

 

Figure 1. Schematic illustration of an overview of various objects from nature and their selected functions. 

Images reprinted from [10], with permission from Phil. Trans. R. Soc. A, Copyright 2009. 
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Table 1: Water contact angles of some plants and insects 

Plant Name Contact angle (°) 

Purple setcreasea 167 

Ramee leaf 164 

Taro plant leaf 164 

Perfoliate knotweed 162 

Leymus arenarius leaf 161 

Chinese watermelon 159 

Rice leaf 157 

Indian Cress 140 

Insect Name Contact angle (°) 

Water striders 167.6 

Homoptera 165 

Diptera Tabanus Chrysurus 156 

 

 Efforts have been taken in the form of artificial superhydrophobic surfaces. The artificial 

superhydrophobic surfaces for a variety of applications, such as anti-fogging mirrors and 

displays, water-resistant fabrics, anti-icing, self-cleaning windows and panels, Superdry 

surfaces, corrosion-resistant surfaces, drag reduction, anti-reflection, water-resistant concrete, 

and walls, etc [11-15]. Based on contact angle and wetting behavior, the solid surfaces are 

classified into four different types: (i) superhydrophobic, if the water contact angle is less than 

10°, (ii) hydrophilic if the water contact angle is between 10° and 90°, (iii) hydrophobic if the 

water contact angle is between 90° and 150°, and (iv) superhydrophilic if the water contact 

angle is above 150° as shown in figure 2 [16-17].  
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Figure 2. Schematic illustration of (a) superhydrophilic, (b) hydrophilic, (c) hydrophobic, and                               

(d) superhydrophobic surfaces with different wetting/non-wetting states. Images reprinted from [17], with 

permission from New J. Chem, Copyright 2021. 

2. Fundamentals of superhydrophobic surfaces 

           Thomas Young formulated the basic law from which the shape of a water drop on a 

solid surface can be determined. From Young’s Model, small drop sizes, it is clear that the 

contact angle is sufficient for determining the shape of the water drop and wettability [18-19]. 

The required condition for a drop to spread is the energy to create a solid-vapor interface should 

be greater than that of a liquid-vapor interface. If this condition is not satisfied, the drop does 

not spread and a contact angle exists. The contact angle should be less than 90° for the wetting 

property and the contact angle should be greater than 90° for repelling property. If the contact 

angle is less than 90°, the surface becomes hydrophilic while if the contact angle is greater than 

90°, the surface becomes hydrophobic. If the contact angle is reduced to a value less than 90°, 

the hydrophilicity increases, and the surface wets readily. If the contact angle increases i.e., 

greater than 90° then the hydrophobicity also increases and the surface is water-repellent.  The 

contact angle for a completely hydrophobic spherical drop is 180° and for a completely 

hydrophilic wet surface is 0°. Since Young’s Model applies to smooth surfaces not to rough 

surfaces as shown in figure 3         [20-21].  
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Figure 3. a) Contact angle of hydrophobic and hydrophilic surfaces b) Young’s equation correlating contact 

angle to surface energies (Reprinted with permission from Rame´-hart Instrument Co.) 

 In reality, the solid surfaces are rough. The relation between roughness and contact angle was 

explained by Wenzel Model. Wenzel modified young’s model by introducing the term, 

roughness factor. It is important to note that the contact angle is applicable only for smooth 

surfaces whereas the apparent contact angle is applied for rough surfaces. According to the 

Wenzel model, solid-liquid and solid-vapor interfacial surface tensions are slightly increased 

due to increased rough surface area, and liquid-air interfacial surface tensions as shown in 

figure 4. 

 

Figure 4. Schematic illustration of (a) Wenzel Mode: Neglecting groove volume (b) Wenzel Mode: 

Accounting for groove volume. Images reprinted from [23], with permission from ACS Omega, Copyright 

2020. 

a) b) 

a) b) 
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The work of the Wenzel model was extended by Cassie and Baxter for porous surfaces. When 

the surface roughness is higher, the liquid doesn't need to fill the complete solid surface. The 

liquid contacts only the peaks of the surface and does not enter into the valleys as shown in 

figure 5. A mass fraction of liquid contacts with the peaks of the solid surface making a solid-

liquid interface. An important observation is shown between the Wenzel model and the Cassie-

Baxter model. In the Wenzel model, the drop of liquid contacts the completely rough solid 

surface without the presence of air. Since the contact is greater the movement of the drop is 

difficult across the solid surface. Cassie-Baxter model, the drop of liquid does not make 

complete contact with the surface due to the presence of air. If the Cassie-Baxter state the drop 

of liquid can easily roll across the solid surface. The Cassie-Baxter model is highly preferred 

over the Wenzel model to obtain superhydrophobic surfaces [24-25]. 

 

Figure 5. Schematic illustration of the existence of exterior and interior three-phase contact lines for 

Cassie–Baxter wetting configurations. The red dotted arrow represents the possible direction of droplet 

movement in response to the supply of external energy. Images reprinted from [24], with permission from 

Adv. Mater. Interface, Copyright 2019. 

 

3. Fabrication of superhydrophobic surfaces 

3.1. Natural Superhydrophobic Surfaces 

             Number of superhydrophobic surfaces examples are found in nature. One of the most 

well-known examples is lotus leaf, it shows high resolution scanning electron microscopy 

(SEM). The lotus leaf shows that the surface contains randomly distributed bumps at a scale of 

5-10 µm and hairy nanostructures with a typical diameter of 100-200 nm as shown in figure 6 

[26]. This complex surface consisting of micro- and nano-scale hierarchical structures amplify 

the hydrophobicity of the wax film at the leaf surface to attain a water contact angle of 150°–
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160° and a sliding angle lower than ∼2°. The leaf surface can always be kept clean to maximize 

the uptake of sun light. Other plants with superhydrophobic leaves include eucalyptus, tulipa, 

asphodelus, drosera, iris, euphorbia and gingko biloba [27]. 

 

Figure 6. SEM images of naturally superhydrophobic surfaces: (a, b) lotus leaf and (c, d) water strider 

leg. Images reprinted with permission from Wiley Inter Science, Copyright 2002 [26]. 

 

3.2 Synthetic Superhydrophobic Surfaces 

             The key theme of all the examples found in nature is that hydrophobicity is amplified 

to superhydrophobicity surface. These surfaces consist of micro- and nano-scale hierarchical 

structures (Fig. 6) [26, 27]. This roughness is necessary for both high water contact angle and 

low sliding angle [28]. Depends on these principles, various synthetic approaches have been 

developed for preparation of superhydrophobic surfaces as shown in figure 7 [29]. The 

superhydrophobic fabrics formed by dipping textiles in a toluene solution of 4 wt.% methyl 

silicone followed by drying at 100°C. The fabrics processed water contact angles higher than 

150°.  
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Figure 7. Optical images of water droplets on a superhydrophobic coating deposited on (a) gold film, (b) Si 

wafer, (c) Kimwipe tissue and (d) cotton. Images reprinted with permission from American Chemical 

Society, Copyright 2005 [29]. 

4. Applications of Superhydrophobic Surfaces: 

         The application of the superhydrophobic surfaces can be classified as shown in Figure 8. 
There are different materials used for formation of superhydrophobic surfaces, such as glass, 
polymers, metals, composites and micro-and nanoparticles, are fabricated by using various 
techniques to generate superhydrophobic surfaces. The superhydrophobic surfaces is formed 
by the functional requirements related to some of the fields, such as aerospace, automotive, 
medical devices, nuclear reactors, textiles, marine applications, clinical diagnostics and 
sensing, as shown in Figure 8. 

 

Figure 8. Application landscape of superhydrophobic surfaces. Images reprinted with permission from 

Journal of Micromanufacturing, Copyright 2019 [30]. 
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4.1 Anti-icing: 

 Icephobicity is one of the examples of superhydrophobicity, e.g., ice adhesive 

may modify the effective shape of the aircrafts. So, icing affects the reliability of aircrafts. 

Superhydrophobic coating prevent the formation of ice as shown in figure 9. From figure 9, it 

is seen that, the uncoated aluminium plate gets iced, while the composite coated plate remained 

ice free. The anti-icing essential for aircraft applications, ships, wind turbines, refrigerators, 

air-conditioners, etc.  

 
 
Figure 9. Testing of the anti-icing properties of a superhydrophobic surface in the ‘freezing rain’: (a) 

untreated side of an aluminium plate and (b) the aluminium plate coated with the superhydrophobic 

composites, after the rain. Images reprinted with permission from Langmuir, Copyright 2009 [31]. 

4.2 Self-cleaning superhydrophobic surfaces: 

The self-cleaning superhydrophobic surfaces are combination of superhydrophobicity 

and photocatalytic behaviour to break down the dirt and wash it away from the surface. There 

are many superhydrophobic surfaces which are synthesized with different methods and used in 

industries. The self-cleaning superhydrophobic surfaces are extremely dry and repel water 

drops. These surfaces are not clean themselves but when the water drops roll on it they wash 

the dirt from the surface as shown in the figure 10.  
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Figure 10. Schematic representation of (a) a smooth surface without self-cleaning properties and (b) a 

superhydrophobic surfaces with self-cleaning properties. Images reprinted with permission from Journal 

of Materials Chemistry A, Copyright 2013 [32]. 

 

4.3 Oil-water separation: 

Superhydrophobic surfaces are also used for the separation of various oils from the 

water. In the oil-water separation filtration method is used, the oil-water mixture is pouring on 

the superhydrophobic surfaces the oil separated out easily from the oil-water mixture. The 

superhydrophobic surfaces are water repellent and oil absorbent. For the absorption process, 

the superhydrophobic surface is dipped in the oil-water mixture. Due to superhydrophobic 

nature of surface, it will repel water while absorbing the dispersed oil from oil-water mixture, 

so it is helpful to separate oil and water from oil-water mixture effectively as shown in figure 

11 [33]. 

 

 

Figure 11. Separation of oil and water from oil-water mixture with superhydrophobic mesh. Images 

reprinted with permission from Advances in Colloid and Interface Science, Copyright 2016 [33]. 
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5. CONCLUSION 

 In this article, the fundamentals of superhydrophobic surfaces, fabrication of 

superhydrophobic surfaces and the applications of superhydrophobic surfaces were reviewed 

and discussed. The natural and synthetic superhydrophobic surfaces are shows strong water 

repellent surfaces that shows the excellent superhydrophobicity capacity. There are number of 

fabrication methods used for producing a superhydrophobic surface with robustness surface, 

mechanically durable and stable. Self-cleaning property is one the most important function of 

superhydrophobic surfaces, it shows optical transparency, superoleophobicity, anti-biofouling, 

anti-icing and low cost coating. Superhydrophobic surfaces have vast use in industry. 
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Superhydrophobic PVC/SiO2 Coating for Self-Cleaning
Application

Rajaram S. Sutar, Prashant J. Kalel, Sanjay S. Latthe, Deepak A. Kumbhar,

Smita S. Mahajan, Prashant P. Chikode, Swati S. Patil, Sunita S. Kadam, V. H. Gaikwad,

Appasaheb K. Bhosale, Kishor Kumar Sadasivuni, Shanhu Liu,* and Ruimin Xing*

A lotus leaf like self-cleaning superhydrophobic coating has high demand in

industrial applications. Such coatings are prepared by alternative dip and

spray deposition techniques. A layer of polyvinyl chloride is applied on glass

substrate by dip coating and then spray coated a suspension of hydrophobic

silica nanoparticles at substrate temperature of 50 °C. This coating procedure

is repeated for three times to achieve rough surface morphology which

exhibits a water contact angle of 169 ± 2° and sliding angle of 6°. The

superhydrophobic state of the coating is still preserved when water volume of

1.2 L is used to impact the water drops on coating surface. The stability of the

wetting state of the coating is analyzed against the water jet, adhesive tape

and sandpaper abrasion tests. The prepared superhydrophobic coating

strongly repelled the muddy water suggesting its importance in self-cleaning

applications.

1. Introduction

Lotus leaf is a perfect model of self-cleaning superhydropho-
bic surface with specific combination of surface chemistry (sur-
face energy) and surface topography (surface roughness).[1,2]

A low surface energy hierarchical surface structure of lotus
leaf surface revealed unusual wettability (water contact an-
gle (WCA) greater than 150° and sliding angle less than 10°)
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which inspired to create artificial su-
perhydrophobic surface by increasing
surface roughness along with decreasing
surface energy. Such superhydrophobic
surfaces have numerous applications
including self-cleaning, anti-corrosion,
drag-reduction, oil-water separation, and
etc.[3–8] So far, SiO2, TiO2, ZnO, Al2O3,
candle soot and various polymers have
been used to fabricate self-cleaning su-
perhydrophobic coatings.[9–14] Among
them, polymer/SiO2 nanocomposite
is a promising in preparation of self-
cleaning superhydrophobic coatings.[15,16]

The self-cleaning property of superhy-
drophobic coatings has attracted signifi-
cant interest in industrial applications. Re-
cently, Latthe et al. have applied suspen-
sion of hydrophobic SiO2 nanoparticles

(NPs) on different types of substrates including body of mo-
torcycle, building wall, mini boat, solar cell panel, window
glass, cotton shirt, fabric shoes, cellulose paper, metal, wood,
sponges, plastic, and marble which revealed high water repel-
lency and excellent self-cleaning property.[17] Many reports are
available on the preparation of superhydrophobic polyvinyl chlo-
ride (PVC) thin films using ethanol.[18–20] Seyfi et al. have drop
casted a mixture of PVC, Ag3PO4, and ethanol on thermoplastic
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Figure 1. a) Optical photograph of color water drop on superhydrophobic coating, b) the image of water jet impacting on coating, c and d) different
magnification SEM images of superhydrophobic coating.

polyurethane (TPU) substrate and achieved antibacterial super-
hydrophobic surface.[21] The as prepared superhydrophobic TPU
surface showed WCA ≈ 156° and SA ≈ 2° with self-cleaning
performance. Also, Guo et al.[15] have reported that water drops
rolled off immediately on the coating prepared by casting of
polymer (PVC, PMMA, and PE) and SiO2 NPs composite on
various substrates like copper, aluminum, stainless steel, sili-
con, glass and filter paper. Rivero et al.[22] have prepared su-
perhydrophobic surface by depositing ZnO NPs incorporated
polystyrene (PS) and PVC polymeric solution on aluminum al-
loy substrate using the electrospinning technique. Yuan et al.[23]

have obtained lotus-leaf-like superhydrophobic PVC film by cast-
ing PVC solution on negative template of PDMS. Other than
this, Zhang et al.[24] have obtained superhydrophobic coating
by pouring PVC/SiO2 mixture on negative template of PDMS
and reported that superhydrophobicity depends on weight per-
centage of SiO2 particles in PVC. Chen et al.[25] have prepared
water-repellent SiO2/polymer (PS and PVC) composite coat-
ing without any surface chemical modification by spin coat-
ing. The amount of hydrophobic SiO2 NPs in PVC or PS af-
fects the surface roughness and hence the wettability of the
coating.
Herein, we have prepared superhydrophobic surface on glass

by dip coating followed by spray coating method. The hydropho-
bic SiO2 NPs were prepared by sol–gel technique. A thin layer of
PVC was applied on glass substrate by dip coating and dried at
room temperature. After that, a suspension of SiO2 NPs in hex-
ane was sprayed on PVC coated glass substrate at substrate tem-
perature of 50 °C. The superhydrophobic coating was obtained
by applying multiple alternative layers of PVC and SiO2 NPs on
glass substrate.

2. Result and Discussion

2.1. Surface Microstructure and Wettability

The multiple layers of PVC/SiO2 were applied on glass substrate
to obtain desired surface roughness which is the main require-
ment of extreme water repellency. Figure 1c represents the sur-
face microstructure of three bilayer of PVC/SiO2 coating, where
the aggregated SiO2 NPs were distributed on the PVC layer. The
PVC layer can help SiO2 NPs to adhere firmly on the coating
surface. The aggregation of SiO2 NPs is not uniform and the
grain sizes from 5 µm to 100 nm were observed (Figure 1d).
These different size scale grains provide hierarchical surface
morphology. Nearly similar surface morphology was reported
for the PVC/SiO2 nanocomposite coating prepared by spin coat
technique.[25] This hierarchical surface morphology tends to trap
small air pockets in the rough voids and hence a water drop can
sit on the air-solid composite structure with minimum contact
to the solid fraction of the surface. A water drop can only touch
a small solid fraction of the coating, as the trapped air pushes
away the water drops and not allowing the water drops to wet the
inner portion of a rough surface. As shown in the Figure 1a, the
water drops hardly stay on the three bilayer of PVC/SiO2 superhy-
drophobic coating. Every water drop takes spherical shape at dif-
ferent positions on the coating surface confirming the uniform
deposition of PVC/SiO2 on the substrate. The superhydrophobic
coating was appeared opaque due to the presence of micrometer
scaled grains which allows scattering of the visible light. Also the
water jet was impacted on the superhydrophobic coating which
rebounds off the surface quickly after impacting (Figure 1b). The
trapped air in the rough surface resists the water jet to invade the
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Figure 2. The variation of water contact angle with layer of polyvinyl chlo-
ride and SiO2 particles.

rough structure. Also water jet rebounding confirms the robust-
ness of the coating.
A systematic study was performed on the dependence of num-

bers of bilayers on the wettability of the coating (Figure 2). A
first bilayer coating exhibited a WCA of 110±5° confirming hy-
drophobic nature of the coating. The surface roughness of the
coating is quite low to trap the air pockets and hence the wet-
tability falls in the Wenzel’s state[26] where the solid fraction of
the coating was partially wetted by the water drops. Though the
WCA increased to 140 ± 6° with considerable decrease in solid-
liquid contact area in case of two bilayer coating, the wettability
was still in the Wenzel’s wetting state. The WCA of 169 ± 7° and
SA of 6° was observed for three bilayer coating confirming super-
hydrophobicity in Cassie-Baxter’s wetting state.[27] A water drop
floats on the layer of air having minimum contact with solid frac-
tion of the coating surface and hence readily roll off the surface.
For next bilayer coatings, theWCA tends to decrease as a result of
increase in thickness which creates visible cracks in the coatings
during evaporation of solvent.

2.2. Durability Tests

The mechanical durability of superhydrophobic coating can be
evaluated by water jet and water drop impact, sand paper abra-
sion and adhesive tape peeling test.[28] Here, the water jet was de-
veloped by 15 mL syringe. The water jet was immediately spread
on uncoated glass slide due to smooth surface structure with hy-
drophilic nature. On the other hand, the water jet bounced off the
superhydrophobic coating as shown in Figure 1b. The air trapped
hierarchical structure strongly avoids pinning of water jet on the
surface.[5,29] The wettability of the coating was checked after wa-
ter jet impact study and the coating showed no change in its su-
perhydrophobic property confirming its robustness. Water drop
impact test was carried out by adjusting the distance between su-
perhydrophobic coating and tip of tap about 10 cm as shown in
schematic (Figure 3a). Nearly 2 L of water was dropped on the
superhydrophobic coating inclined at 30° with drop falling rate

of 90 drops min-1. The effect of water drop impact on the wetting
properties of the superhydrophobic coating was estimated. The
superhydrophobic state of the coating was intact for the impact
of 1.2 L of the water as a result of stable air pockets in the rough
microstructure of the coating which avoids water drop penetra-
tion inside the coating structure. However, the trapped air starts
to evacuate from the rough structure and also the rough structure
might have partly ruined due to continuous impact of water drops
and as a result, WCA decreased to less than 140° for impacting
2.0 L of water (Figure 3b).
The adhesive tape peeling test was carried by using Cellotape

No.405 having adhesiveness of 3.93 N/10mm. A tape was applied
firmly on the superhydrophobic coating with the help of 200 g
weighted disk rolling back and forth on it (Figure 4a).[28] After
slowly peeling off the tape, some amount of the coating material
was observed stacked on the adhesive tape; however, the coating
showed theWCA of 165° (Figure 4b). The superhydrophobicity of
the coating was found intact for two cycles of adhesive tape test,
and then theWCAdecreased to 80° for five cycles of adhesive tape
test confirming the exhaustive loss of PVC/SiO2 from the coating
(Figure 4c).
In large scale applications, superhydrophobic coatings can be

damaged by scratch, rubbing and finger contact. To sustain the
hierarchical micro/nanostructure and low surface energy of su-
perhydrophobic coating under mechanical abrasion is one of the
important issue. Here, the mechanical abrasion test was per-
formed using sandpaper grit no. 400. The schematic of sandpa-
per abrasion process is illustrated in Figure 5a. A weight (100 g)
was placed on superhydrophobic coating and dragged for 10 cm
length on sandpaper at the average speed of 0.5 cm sec-1. The ef-
fect of abrasion distance on the wettability of the superhydropho-
bic coating was studied (Figure 5b). The wettability of the coating
was found in the superhydrophobic state for dragging the coating
for nearly 30 cm on the sandpaper which confirms no significant
loss in the surface roughness of the coating. However, the WCA
decreased to 93° for dragging the coating for 60 cm on sandpaper
confirming substantial damage to the coating.

2.3. Self-Cleaning Property

High water repellent property of the surface with low water slid-
ing angle helps to keep the surface clean like a lotus leaf. In open
air, many solid surfaces are contaminated by various types of dust
particles. On superhydrophobic surface, spherical shaped water
drop roll away easily by collecting dust particles, performing self-
clean ability. The self-cleaning ability of the prepared superhy-
drophobic coating was tested by muddy water. The muddy water
was prepared by dispersing fine particles of soil in water. This
muddy water was poured on the superhydrophobic coating. In
the process of pouring muddy water, it eventually get repelled off
the superhydrophobic coating (Figure 6a–c). After pouring 50mL
of muddy water, surface becomes clean similar to lotus leaf (Fig-
ure 6c). This indicates prepared superhydrophobic coating was
highly water repellent with excellent self-cleaning property.

3. Conclusions

We have used a conventional dip and spray coating techniques to
prepare superhydrophobic coating by applying consecutive layers
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Figure 3. a) A schematic of water drop impact test, b) the effect of water drop impact on wettability of the superhydrophobic coating.

Figure 4. a) Rolling of 200 g weighted disc on adhesive tape placed on coating, b) adhesive tape peeling off and c) effect of adhesive tape peeling cycles
on the wettability of the superhydrophobic coating.

of PVC and hydrophobic SiO2 NPs on glass substrate. The hierar-
chical rough microstructure with different scaled grains of SiO2

NPs was observed. The self-cleaning superhydrophobic coating
with WCA of 169 ± 2° and sliding angle of 6° was achieved by
applying three bilayers of alternate PVC followed by hydrophobic
SiO2 NPs. The water jet bouncing off the surface indicates the air
pockets trapped in dual scale rough structure. After dripping the

water of volume 1.2 L, the water drop impacted coating showed
invariable wettability. The superhydrophobic coatings were mod-
erately stable against adhesive tape and sandpaper abrasion tests.
Future practical applications of these coating can be found in
windshields of vehicles, solar cell panels and windows of build-
ings, if their transparency and mechanical stability could be fur-
ther enhanced.
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Figure 5. a) Schematic of sandpaper abrasion test and b) the variation of water contact angle with sandpaper abrasion distance.

Figure 6. a-c) Self-cleaning behavior of superhydrophobic coating.

4. Experimental Section

Materials: Methyltrimethoxysilane (MTMS) and PVC were purchased
from Sigma-Aldrich, USA. Ethanol, methanol, ammonia solution, tetrahy-
drofuron (THF) and hexane were bought from Spectrochem PVT. LTD.,
India. Micro-Glass slides (75 × 25 × 1.35 mm) were obtained from Blue
star, Polar Industrial Corporation, India.

Synthesis of Hydrophobic SiO2 NPs: The hydrophobic SiO2 NPs were
synthesized using sol–gel method reported in literature.[30] The mixture
of 2 mL MTMS, 20 mL methanol and 4 mL distilled water was stirred for
20 min. After that ammonia solution was added dropwise and kept for
stirring for 30 min. The prepared gel was aged for overnight and dried at
80°C for 5 h. The dried gel was grinded well using mortar and pestle to
obtain fine powder of silica particles.

Preparation of Superhydrophobic Coating: At first, the glass substrates
were ultrasonically cleaned with distilled water and ethanol for 30 min
and dried at room temperature. The cleaned glass substrate was dipped
in the PVC solution for 30 s. The solution was prepared by dissolving
100 mg PVC powder in 10 mL THF using magnetic stirrer (200 rpm
for 30 min). A thin layer of PVC deposited glass substrate was dried at
room temperature. A suspension of SiO2 NPs (100 mg) was prepared
by dispersing in 10 mL hexane and sprayed on PVC deposited glass
substrate at substrate temperature of 50 °C. Finally PVC/SiO2 deposited
glass substrate was annealed at 100 °C for 1 h. In this way, one bilayer
of PVC/SiO2 was applied on glass substrate. This procedure was re-
peated to deposit two, three and four bilayers of PVC/SiO2 on glass
substrate.

Characterizations: The wettability of prepared coatings was evaluated
by measuring WCA and sliding angle (SA) using contact angle meter (HO-
IAD-CAM-01, Holmarc Opto-Mechatronics Pvt. Ltd. India). The surface
morphology of coating was characterized by field emission scanning elec-
tron microscopy (FESEM, JEOL, JSM-7610F, Japan). The water jet impact
test was carried out by using 15mL syringe. For water drop impact test, the
coated glass substrate was kept at 30° inclination and water drops were
dropped from the height of 10 cm. The mechanical stability of the coat-
ing was checked by adhesive tape peeling and sandpaper abrasion test.
The self-cleaning behavior was observed by pouring muddy water on the
coating.
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Abstract

The application of photocatalytic and self-cleaning titanium dioxide (TiO2) 

nanomaterials coating on the stone of architectural heritage (particularly on 

marble) can be to preserve their aesthetic qualities. The present work 

describes the effect of dipping time in TiO2 - SiO2 coating and effect of UV 

irradiation on coating in term of hydrophilicity. The SiO2 solution prepared by 

tetraethylorthosilicate (TEOS) through sol-gel process and 30-50 nm sized TiO2 

particles added to prepare coating solution. The water contact angle decreases 

with increasing dipping time of piece of marble in TiO2 - SiO2 solution. Also the 

hydrophilicity of coating increases with increasing UV illumination time. The 2-

D and 3-D laser microscope analysis revealed surface structure and stable 

surface roughness of 1.0 µm. Such type of superhydrophilic TiO2 - SiO2 coating 

on marble may be used to apply architectural heritage and buildings. 

Keywords: Photocatalytic, superhydrophilic, Self-cleaning and TiO2 coating.
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1. Introduction

From last decade, scientific research has been paid attention to developing novel surface 

for protection of aesthetic qualities of stone surfaces of historic buildings. Marbles have 

been extensively used in cultural heritages and historical architectures like statues and 

monuments. Increasing concentration of pollutants (soil particles, organisms, bird 

droppings, fire damage, etc.), may cause the deterioration of surfaces architectures. 

Photocatalytic and superhydrophilic TiO2 coating is one of the best solution to avoid this 

problem. TiO2 can generate oxidative (●OH) and reductive (●O2) species under UV light 

irradiation, which are helps to degrade different organic and inorganic compounds [1, 2]. 

Moreover, the hydrophilicity enhanced by -OH, which easily remove the fouling substances 

on TiO2 coated surfaces by flow water film; this is called self-cleaning ability. Munafo et al. 

[3] have sprayed colloidal suspensions of TiO2 on travertine stone to deposit photocatalytic 

self-cleaning coating. After long-term aging under UV-A irradiation, the microstructure of 

coating was unaltered but reduced photoactivity and self-cleaning properties.  Bergamonti 

et al. [4] have applied TiO2-sol on the stone samples by brush, repeating the procedure for 

three times to obtain self-cleaning coating. Lettieri et al. [5] have applied nanostructured 

TiO2 as a photoactive coating onto a compact limestone and a highly porous calcarenite. 

The both types of stone has showed self-cleaning ability by photodegradation test of 

rhodamine B. Luna et al. [6] have applied  sol-gel processed Au-TiO2/SiO2 photocatalysts 

coating on building stone by spray coating . Integrated TiO2 in a silica matrix can enhanced 

its adherence to the substrate and the subsequent coating durability. Au nanoparticles 

enhance the TiO2 photoactivity and the self-cleaning and depolluting performance of the 

coated building stone. Aminian et al. [7] have deposited nanolayer of TiO2 on glass substrate 

by dip coating method and reported that addition of SiO2 nanolayer under the TiO2 layer 

increase the hydrophilicity due to the increase in the roughness and surface area of the 

nano-grains.

In the present work, we have deposited TiO2 - SiO2 coating on white marble by dip coating 

technique. The sol-gel processed silica sol were prepared by using TEOS and TiO2 added in 

silica sol to prepare coating solution. The study of photodegradation of methylene blue 

revealed prepared coating has excellent self-cleaning ability.
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2. Experimental

2.1. Materials

Tetraethylorthosilicte (TEOS, ≥ 99.0%) and TiO2 nanoparticles (< 25 nm particle size, 99.7%) 

were purchased from Sigma-Aldrich, USA.  Ethanol and nitric acid (Extra Pure AR) were 

bought spectrochem pvt. Mumbai, India. Methylene blue dye was obtained from Poona 

Laboratory, Poona, India.  A small pieces of white marble (L x W x H, 5 cm x 2 cm x 1 cm) 

collected from local market

2.2. Preparation of TiO2 coating on Marble

The silica sol was prepared by sol-gel processing of TEOS using nitric acid as catalyst. 11.2 

ml distilled water and 0.6 ml nitric acid mixed well by magnetic stirrer. 7.5 ml of TEOS was 

added drop-by-drop in above mixture and kept at constant stirring (500 RPM). After 5 hr. 

stirring 10 ml ethanol was added slowly and stirring further continued for overnight to get 

silica (SiO2) sol. Thereafter, 60 mg TiO2 nanoparticles were dispersed in prepared silica sol 

and stirred for 2 hr. to get uniform coating solution. The marble pieces were washed by 

laboratory detergent and later by distilled water and dried well by dryer with hot air. The 

cleaned piece of marble dipped in coating solution with various dipping time. Deposited 

marble pieces were dried at 110°C for 6 hr to rid of solvents. The schematic process of 

deposition of superhydrophilic TiO2 � SiO2 coating on marble as shown in Fig.1. The dip-

withdraw speed and dipping time were controlled by Dip-coater machine. The dipping 

time varied from 1 minute to 7 minutes at constant dip-withdraw speed of 50 mm/sec
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Fig. 1: Preparation of TiO2 coating on marble. 

2.3. Characterizations 

A laser microscope (KEYENCE, VK-X200 series) was used to characterize the 2D and 3D 

surface topography of coated marble. A closed metal box with one open side covered by 

black napkin was fabricated and UV lamps (Intensity=1 mW/cm2) was fitted onto the 

ceiling of the box. The photocatalytic property of the coating was confirmed by the 

decrease in water contact angle (WCA) with UV illumination time. The wetting properties 

of the coating surface before and after UV irradiation was confirmed by WCA 

measurements. A contact angle meter (Kyowa, Drop Master; Saitama, Japan) was used to 

measure the WCAs. A small water drop was gently placed on the surface by using syringe. 

The self-cleaning ability of the TiO2 coating under exposure to UV irradiation were checked 

using methylene blue (MB) as a stain.
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3. Result and Discussion

3.1. Surface Topography and Roughness of the Prepared Coating on 

Marble

The surface topography plays an important role on the wettability of the thin films (Fig. 2). 

The TiO2 - SiO2 coating prepared by 01 minute dipping showed relatively smooth surface 

with RMS roughness of nearly 0.74 µm. The increase in dipping time significantly affects 

on thickness as well as roughness of the film. The TiO2 - SiO2 thin films prepared by 07 

minute dipping showed remarkably rough surface structure with RMS roughness of ~ 01.00 

µm. Such surface structure along with highly roughness is helps to achieve the 

superhydrophilic. The deposition time was further increased to 10 minutes, however the 

visible cracks were observed on the thin film, which can be easily removed by the gentle 

fingertip touching.

Fig. 2: The 2-D and 3-D Laser Microscope images of the SiO2-TiO2 thin films prepared from 

(A, B) 01 minute and (C, D) 07 minute deposition time, respectively.  
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3.2. Surface Wettability, Photocatalytic Activity and Self-cleaning 

property

The coating of TiO2 - SiO2 thin film were applied on pre-cleaned marble by dipping at 

different time in coating solution. The dipping time were varied from 01 to 07 minute. As 

usual, 01 minute deposited coating showed WCA of 27° due to smoothness of the thin film. 

However, the WCA gradually decreased to 14° for 07 minute deposited TiO2 - SiO2 thin 

films. The wetting property changes with dipping time of marble in coating solution. The 

variation of WCA with dipping time as shown in the Fig. 3. This is due to the increased in 

roughness of the coating which eventually helps to decrease the wettability of the thin film 

[8].

Fig. 3: An effect of dipping times on wettability of the coating.

When water drop deposited on uncoated marble, water drop stacked with WCA > 40°. 

Other hand, water drop spread on coated marble. The colour dyed water on coated and 

uncoated marble as shown in Fig.4.
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Fig. 4: Optical photograph of behaviour of water drop on coated and uncoated part of the 

marble. 

The effect of UV irradiation on dip-coated marble (07 minute dipping marble) were 

observed. The hydrophilicity of coating increases with duration of UV irradiation [9, 10]. The 

variation of WCA with duration of UV irradiation as shown in Fig. 5.  After 8 minute UV 

irradiation duration, the WCA of coating reached to < 5°, which confirms hydrophilic 

coating become superhydrophilic. This contradict to some reports where 

superhydrophilicity was only achieved after long period of time of UV irradiation. UV 

irradiation causes to form stable hydroxyl groups on TiO2 - SiO2 surface and consequently 

surface becomes more hydrophilic [7]. Mostly, fast reducing WCA of hydrophilic coating 

under UVA radiation, which resulting that superhydrophilic self-cleaning TiO2 - SiO2 

coating. 
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Fig. 5: An effect on UV illumination time on the wettability of the TiO2 - SiO2 coated marble. 

Mostly white marbles are prone to damage by air and water pollution. The continuous 

degradation of monuments due to organic pollutants may soon become irreversible. The 

degradation of MB has extensively used to evaluate self-cleaning ability of coated marble 

[4, 11]. The systematically evaluated self-cleaning activity by adopting standard procedure. 

0.5 ml of MB was poured on coated marble as shown in Fig.6 (A). Later, this marble placed 

at 10 cm from UV source in degradation chamber for degradation of MB. 30 hrs exposure 

to UV irradiation caused more than 90% degradation of MB (Fig.6 (B)). This confirms the 

prepared TiO2 - SiO2 coated marble exhibited excellent self-cleaning ability under exposure 

to UV illumination.

Fig. 6: Photograph of self-cleaning photodegradation test by MB, (A) before UV exposure 

and (B) after 30 hrs exposure to UV irradiation. 
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4. Conclusion

Superhydrophilic TiO2 - SiO2 thin films were successfully applied on marble for 

photocatalytic and self-cleaning application. A coating with 07 minutes of deposition time 

revealed hydrophilic property with contact angle nearly 14°. After exposure to UV 

irradiation for 8 minutes the contact angled reduced < 5°. The surface roughness of coating 

was found increased with deposition time. A transformation of surface wettability of TiO2 

film into superhydrophilic state and subsequent decomposition of organic pollutants by 

UV exposure leads to self-cleaning phenomena.
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Abstract

The application of photocatalytic and self-cleaning titanium dioxide (TiO2) 

nanomaterials coating on the stone of architectural heritage (particularly on 

marble) can be to preserve their aesthetic qualities. The present work 

describes the effect of dipping time in TiO2 - SiO2 coating and effect of UV 

irradiation on coating in term of hydrophilicity. The SiO2 solution prepared by 

tetraethylorthosilicate (TEOS) through sol-gel process and 30-50 nm sized TiO2 

particles added to prepare coating solution. The water contact angle decreases 

with increasing dipping time of piece of marble in TiO2 - SiO2 solution. Also the 

hydrophilicity of coating increases with increasing UV illumination time. The 2-

D and 3-D laser microscope analysis revealed surface structure and stable 

surface roughness of 1.0 µm. Such type of superhydrophilic TiO2 - SiO2 coating 

on marble may be used to apply architectural heritage and buildings. 

Keywords: Photocatalytic, superhydrophilic, Self-cleaning and TiO2 coating.
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1. Introduction

From last decade, scientific research has been paid attention to developing novel surface 

for protection of aesthetic qualities of stone surfaces of historic buildings. Marbles have 

been extensively used in cultural heritages and historical architectures like statues and 

monuments. Increasing concentration of pollutants (soil particles, organisms, bird 

droppings, fire damage, etc.), may cause the deterioration of surfaces architectures. 

Photocatalytic and superhydrophilic TiO2 coating is one of the best solution to avoid this 

problem. TiO2 can generate oxidative (●OH) and reductive (●O2) species under UV light 

irradiation, which are helps to degrade different organic and inorganic compounds [1, 2]. 

Moreover, the hydrophilicity enhanced by -OH, which easily remove the fouling substances 

on TiO2 coated surfaces by flow water film; this is called self-cleaning ability. Munafo et al. 

[3] have sprayed colloidal suspensions of TiO2 on travertine stone to deposit photocatalytic 

self-cleaning coating. After long-term aging under UV-A irradiation, the microstructure of 

coating was unaltered but reduced photoactivity and self-cleaning properties.  Bergamonti 

et al. [4] have applied TiO2-sol on the stone samples by brush, repeating the procedure for 

three times to obtain self-cleaning coating. Lettieri et al. [5] have applied nanostructured 

TiO2 as a photoactive coating onto a compact limestone and a highly porous calcarenite. 

The both types of stone has showed self-cleaning ability by photodegradation test of 

rhodamine B. Luna et al. [6] have applied  sol-gel processed Au-TiO2/SiO2 photocatalysts 

coating on building stone by spray coating . Integrated TiO2 in a silica matrix can enhanced 

its adherence to the substrate and the subsequent coating durability. Au nanoparticles 

enhance the TiO2 photoactivity and the self-cleaning and depolluting performance of the 

coated building stone. Aminian et al. [7] have deposited nanolayer of TiO2 on glass substrate 

by dip coating method and reported that addition of SiO2 nanolayer under the TiO2 layer 

increase the hydrophilicity due to the increase in the roughness and surface area of the 

nano-grains.

In the present work, we have deposited TiO2 - SiO2 coating on white marble by dip coating 

technique. The sol-gel processed silica sol were prepared by using TEOS and TiO2 added in 

silica sol to prepare coating solution. The study of photodegradation of methylene blue 

revealed prepared coating has excellent self-cleaning ability.
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2. Experimental

2.1. Materials

Tetraethylorthosilicte (TEOS, ≥ 99.0%) and TiO2 nanoparticles (< 25 nm particle size, 99.7%) 

were purchased from Sigma-Aldrich, USA.  Ethanol and nitric acid (Extra Pure AR) were 

bought spectrochem pvt. Mumbai, India. Methylene blue dye was obtained from Poona 

Laboratory, Poona, India.  A small pieces of white marble (L x W x H, 5 cm x 2 cm x 1 cm) 

collected from local market

2.2. Preparation of TiO2 coating on Marble

The silica sol was prepared by sol-gel processing of TEOS using nitric acid as catalyst. 11.2 

ml distilled water and 0.6 ml nitric acid mixed well by magnetic stirrer. 7.5 ml of TEOS was 

added drop-by-drop in above mixture and kept at constant stirring (500 RPM). After 5 hr. 

stirring 10 ml ethanol was added slowly and stirring further continued for overnight to get 

silica (SiO2) sol. Thereafter, 60 mg TiO2 nanoparticles were dispersed in prepared silica sol 

and stirred for 2 hr. to get uniform coating solution. The marble pieces were washed by 

laboratory detergent and later by distilled water and dried well by dryer with hot air. The 

cleaned piece of marble dipped in coating solution with various dipping time. Deposited 

marble pieces were dried at 110°C for 6 hr to rid of solvents. The schematic process of 

deposition of superhydrophilic TiO2 � SiO2 coating on marble as shown in Fig.1. The dip-

withdraw speed and dipping time were controlled by Dip-coater machine. The dipping 

time varied from 1 minute to 7 minutes at constant dip-withdraw speed of 50 mm/sec
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Fig. 1: Preparation of TiO2 coating on marble. 

2.3. Characterizations 

A laser microscope (KEYENCE, VK-X200 series) was used to characterize the 2D and 3D 

surface topography of coated marble. A closed metal box with one open side covered by 

black napkin was fabricated and UV lamps (Intensity=1 mW/cm2) was fitted onto the 

ceiling of the box. The photocatalytic property of the coating was confirmed by the 

decrease in water contact angle (WCA) with UV illumination time. The wetting properties 

of the coating surface before and after UV irradiation was confirmed by WCA 

measurements. A contact angle meter (Kyowa, Drop Master; Saitama, Japan) was used to 

measure the WCAs. A small water drop was gently placed on the surface by using syringe. 

The self-cleaning ability of the TiO2 coating under exposure to UV irradiation were checked 

using methylene blue (MB) as a stain.
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3. Result and Discussion

3.1. Surface Topography and Roughness of the Prepared Coating on 

Marble

The surface topography plays an important role on the wettability of the thin films (Fig. 2). 

The TiO2 - SiO2 coating prepared by 01 minute dipping showed relatively smooth surface 

with RMS roughness of nearly 0.74 µm. The increase in dipping time significantly affects 

on thickness as well as roughness of the film. The TiO2 - SiO2 thin films prepared by 07 

minute dipping showed remarkably rough surface structure with RMS roughness of ~ 01.00 

µm. Such surface structure along with highly roughness is helps to achieve the 

superhydrophilic. The deposition time was further increased to 10 minutes, however the 

visible cracks were observed on the thin film, which can be easily removed by the gentle 

fingertip touching.

Fig. 2: The 2-D and 3-D Laser Microscope images of the SiO2-TiO2 thin films prepared from 

(A, B) 01 minute and (C, D) 07 minute deposition time, respectively.  
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3.2. Surface Wettability, Photocatalytic Activity and Self-cleaning 

property

The coating of TiO2 - SiO2 thin film were applied on pre-cleaned marble by dipping at 

different time in coating solution. The dipping time were varied from 01 to 07 minute. As 

usual, 01 minute deposited coating showed WCA of 27° due to smoothness of the thin film. 

However, the WCA gradually decreased to 14° for 07 minute deposited TiO2 - SiO2 thin 

films. The wetting property changes with dipping time of marble in coating solution. The 

variation of WCA with dipping time as shown in the Fig. 3. This is due to the increased in 

roughness of the coating which eventually helps to decrease the wettability of the thin film 

[8].

Fig. 3: An effect of dipping times on wettability of the coating.

When water drop deposited on uncoated marble, water drop stacked with WCA > 40°. 

Other hand, water drop spread on coated marble. The colour dyed water on coated and 

uncoated marble as shown in Fig.4.
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Fig. 4: Optical photograph of behaviour of water drop on coated and uncoated part of the 

marble. 

The effect of UV irradiation on dip-coated marble (07 minute dipping marble) were 

observed. The hydrophilicity of coating increases with duration of UV irradiation [9, 10]. The 

variation of WCA with duration of UV irradiation as shown in Fig. 5.  After 8 minute UV 

irradiation duration, the WCA of coating reached to < 5°, which confirms hydrophilic 

coating become superhydrophilic. This contradict to some reports where 

superhydrophilicity was only achieved after long period of time of UV irradiation. UV 

irradiation causes to form stable hydroxyl groups on TiO2 - SiO2 surface and consequently 

surface becomes more hydrophilic [7]. Mostly, fast reducing WCA of hydrophilic coating 

under UVA radiation, which resulting that superhydrophilic self-cleaning TiO2 - SiO2 

coating. 
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Fig. 5: An effect on UV illumination time on the wettability of the TiO2 - SiO2 coated marble. 

Mostly white marbles are prone to damage by air and water pollution. The continuous 

degradation of monuments due to organic pollutants may soon become irreversible. The 

degradation of MB has extensively used to evaluate self-cleaning ability of coated marble 

[4, 11]. The systematically evaluated self-cleaning activity by adopting standard procedure. 

0.5 ml of MB was poured on coated marble as shown in Fig.6 (A). Later, this marble placed 

at 10 cm from UV source in degradation chamber for degradation of MB. 30 hrs exposure 

to UV irradiation caused more than 90% degradation of MB (Fig.6 (B)). This confirms the 

prepared TiO2 - SiO2 coated marble exhibited excellent self-cleaning ability under exposure 

to UV illumination.

Fig. 6: Photograph of self-cleaning photodegradation test by MB, (A) before UV exposure 

and (B) after 30 hrs exposure to UV irradiation. 
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4. Conclusion

Superhydrophilic TiO2 - SiO2 thin films were successfully applied on marble for 

photocatalytic and self-cleaning application. A coating with 07 minutes of deposition time 

revealed hydrophilic property with contact angle nearly 14°. After exposure to UV 

irradiation for 8 minutes the contact angled reduced < 5°. The surface roughness of coating 

was found increased with deposition time. A transformation of surface wettability of TiO2 

film into superhydrophilic state and subsequent decomposition of organic pollutants by 

UV exposure leads to self-cleaning phenomena.
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Abstract 

The present study was carried out the nesting site and nesting material of house crow in 

Raje Ramrao College campus, Jath. The total area of campus is 28.33 acres. Total 33nests were 

reported to identify the nest materials. Out of these 6 nests on Neem tree, 16 on Nilgiri, 1on 

Peepal, 8 on Ashoka tree and 2 on Coconut tree. The majority of nests which were observed on 

Nilgiri trees in between 2 to 3 branches. The observed nest materials are twigs, dried large 

sticks, dried grass, paper piece, pieces of wire, plastic threads, fibers of coconut tree. Plant leaf 

and unidentified material are also present inside of the nest. The majority of material which is 

used for constructing the nests are dried sticks and grasses. To identify the nest materials 

unusednest was observed. 

The present work is focused on nesting sites and nesting material of Carvus splendens at 

because there is no detail study available in this campus area. 

Keywords: Nesting site, nesting material, College campus, Maharashtra. 
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Peepal, 8 on Ashoka tree and 2 on Coconut tree. The majority of nests which were observed on 

Nilgiri trees in between 2 to 3 branches. The observed nest materials are twigs, dried large 

sticks, dried grass, paper piece, pieces of wire, plastic threads, fibers of coconut tree. Plant leaf 

and unidentified material are also present inside of the nest. The majority of material which is 

used for constructing the nests are dried sticks and grasses. To identify the nest materials 

unusednest was observed. 

The present work is focused on nesting sites and nesting material of Carvus splendens at 

because there is no detail study available in this campus area. 

Keywords: Nesting site, nesting material, College campus, Maharashtra. 
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The present study was carried out the nesting site and nesting material of house crow in 

Raje Ramrao College campus, Jath. The total area of campus is 28.33 acres. Total 33nests were 

reported to identify the nest materials. Out of these 6 nests on Neem tree, 16 on Nilgiri, 1on 

Peepal, 8 on Ashoka tree and 2 on Coconut tree. The majority of nests which were observed on 

Nilgiri trees in between 2 to 3 branches. The observed nest materials are twigs, dried large 

sticks, dried grass, paper piece, pieces of wire, plastic threads, fibers of coconut tree. Plant leaf 

and unidentified material are also present inside of the nest. The majority of material which is 

used for constructing the nests are dried sticks and grasses. To identify the nest materials 

unusednest was observed. 

The present work is focused on nesting sites and nesting material of Carvus splendens at 

because there is no detail study available in this campus area. 
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The present study was carried out the nesting site and nesting material of house crow in 

Raje Ramrao College campus, Jath. The total area of campus is 28.33 acres. Total 33nests were 

reported to identify the nest materials. Out of these 6 nests on Neem tree, 16 on Nilgiri, 1on 

Peepal, 8 on Ashoka tree and 2 on Coconut tree. The majority of nests which were observed on 

Nilgiri trees in between 2 to 3 branches. The observed nest materials are twigs, dried large 

sticks, dried grass, paper piece, pieces of wire, plastic threads, fibers of coconut tree. Plant leaf 

and unidentified material are also present inside of the nest. The majority of material which is 
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Abstract 

A study on butterfly diversity was carried out in Raje Ramrao College Campus, Jath Tehsil 

of Sangli district, Maharastra state, India. Field studies were made to record the diversity of 

butterflies at college campus in Jath during 2020 to 2022, a total  of 35 species of butterflies 

were recorded from 30 genera belong to 4 families. Butterflies are wonderfully diverse in shape, 

size and their colours.  They also perform some important ecological significance. The most 

important function they involved in pollination. They also act as an ecological indicator.  

The study area (College campus) is rich in butterfly diversity and further research could be 

conducted to obtain more details and documentation on butterfly diversity for the conservation 

and development of butterfly garden.   

Keywords: Diversity, Butterfly, Conservation, Campus        
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Abstract 

A study on butterfly diversity was carried out in Raje Ramrao College Campus, Jath Tehsil 

of Sangli district, Maharastra state, India. Field studies were made to record the diversity of 

butterflies at college campus in Jath during 2020 to 2022, a total  of 35 species of butterflies 

were recorded from 30 genera belong to 4 families. Butterflies are wonderfully diverse in shape, 

size and their colours.  They also perform some important ecological significance. The most 

important function they involved in pollination. They also act as an ecological indicator.  

The study area (College campus) is rich in butterfly diversity and further research could be 

conducted to obtain more details and documentation on butterfly diversity for the conservation 

and development of butterfly garden.   
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b
Department of Chemistry, Shivaji University, Kolhapur, 416004, M. S., India 

E-mail: gsr_chem@unishivaji.ac.in 
c
Department of Chemistry,Raje Ramrao College. Jath, Dist. Sangli, 416410, M. S. India ∗Corresponding author E-mail: sanyujapatil@yahoo.com 

Abstract 

 In this paper, we report a novel magnetically separable silica coated copper nano-

magnetite NHC-benzimi@Cu complex as heterogeneous catalyst for the multicomponent click 

reaction via Huisgen 1,3-dipolar cycloaddition reaction of alkyl or aryl halide, sodium azide and 

terminal alkyne, which affords various1,4-disubstituted 1,2,3-triazoles. The multistep repaired 

nano catalyst has been characterized by various spectroscopic methods such as FT-IR, TGA, 

EDX, XRD, TEM and VSM. The heterogeneous nano catalyst structures coated on the copper 

surface are responsible for the excellent catalyst performances in the reaction. The reusability of 

the catalyst makes the present protocol more fascinating from an environmental and economic 

point of view. 

Graphic ABSTRACT 

 
Keywords: Magnetically retrievable nanocatalyst · Click reaction · Copper iodide · 1,2,3-

triazoles · Reusability 
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Bael Fruit Ash Water Extract (BFAWE): A greener benchmark for the 

synthesis of 4H-benzochromenes 

Megha U. Patil, * [a] Sachin K. Shinde,[a] Suresh S. Patil, [b] Omkar Mali, Akshay Jadhav, [a] 

Vaibhav Patil, [a] Pravin Bhosale[a] 
[a]

 Synthetic Research Laboratory, PG Department of Chemistry, PDVP College, Tasgaon, 

Sangli-416 312 (MS), India. Affiliated to Shivaji University, Kolhapur. 
[b]

 Raje Ramrao College, Jat 

*Corresponding Author: E-mail: mupatil30@gmail.com; Fax. (0233) 223 2181. 

Abstract 

A simple and environmental-friendly synthetic protocol has been developed for the 

synthesis of tetrahydrochromeno[4,3-b]chromene-6,8-dione derivatives by condensation of 4-

hydroxycoumarin with aromatic aldehydes and dimedone in the presence of bael fruit ash water 

extract (BFAWE) in aqueous medium. This green protocol was further extended for structurally 

diverse benzylpyrazolylcoumarins by condensation of equimolar quantity of ethylaceto acetate, 

hydrazine hydrates, 4-hydroxycoumarin and aromatic aldehydes in good to excellent yields. The 

advantage of this method includes a mild, an efficient and highly economical protocol under 

aerobic conditions at very short reaction time, under ligand/external catalyst/external promoter-

free conditions. This protocol is better and more practical alternative to the existing protocols for 

green processes. 
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Abstract  

A robustsuperhydrophobic coating has been developed by depositing the polymer layer on 

the candle soot (CS) surface viadip coating technique.The weak physical interaction of the CS 

particlesthe substrate, results weaker the stability and robustness. In order to improve the 

mechanical propertiesof CS surface, we applied a thin layer of polystyrene (PS), polyethylene 

(PE), polypropylene (PP), and polyvinylidene fluoride (PVDF) on CS surface.The as PS, PE, PP 

and PVDF layer deposited CS surface revealedwater contact angles around 170°, 174°, 175°, 

and 171° with sliding angles of 2°, 1°, 1°, and 3° respectively. All polymer layer deposited CS 

surfacenot only exhibited excellent superhydrophobic but also self-cleaning surface property.  

Among them PP coated CS surface showedbetter stabilityagainst water jet impact as well as 

water drop impact tests.Even after 50 cycles of sandpaper abrasion and 20 cycles of adhesive 

tape peeling tests, the PP polymer deposited CS surface maintained superhydrophobic 

properties. The PP is a better polymer to improve the long-term durability of CS 

surfaceconfirmedby the mechanical durability tests.Therefore this approach can be used for 

potential industrial application.  

Keywords: Candle Soot, Lotus leaf, polymer coating, Self-Cleaning, and Superhydrophobic. 
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Abstract  

A robustsuperhydrophobic coating has been developed by depositing the polymer layer on 

the candle soot (CS) surface viadip coating technique.The weak physical interaction of the CS 

particlesthe substrate, results weaker the stability and robustness. In order to improve the 

mechanical propertiesof CS surface, we applied a thin layer of polystyrene (PS), polyethylene 

(PE), polypropylene (PP), and polyvinylidene fluoride (PVDF) on CS surface.The as PS, PE, PP 

and PVDF layer deposited CS surface revealedwater contact angles around 170°, 174°, 175°, 

and 171° with sliding angles of 2°, 1°, 1°, and 3° respectively. All polymer layer deposited CS 

surfacenot only exhibited excellent superhydrophobic but also self-cleaning surface property.  

Among them PP coated CS surface showedbetter stabilityagainst water jet impact as well as 

water drop impact tests.Even after 50 cycles of sandpaper abrasion and 20 cycles of adhesive 

tape peeling tests, the PP polymer deposited CS surface maintained superhydrophobic 

properties. The PP is a better polymer to improve the long-term durability of CS 

surfaceconfirmedby the mechanical durability tests.Therefore this approach can be used for 

potential industrial application.  
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Abstract  

A robustsuperhydrophobic coating has been developed by depositing the polymer layer on 

the candle soot (CS) surface viadip coating technique.The weak physical interaction of the CS 

particlesthe substrate, results weaker the stability and robustness. In order to improve the 

mechanical propertiesof CS surface, we applied a thin layer of polystyrene (PS), polyethylene 

(PE), polypropylene (PP), and polyvinylidene fluoride (PVDF) on CS surface.The as PS, PE, PP 

and PVDF layer deposited CS surface revealedwater contact angles around 170°, 174°, 175°, 

and 171° with sliding angles of 2°, 1°, 1°, and 3° respectively. All polymer layer deposited CS 

surfacenot only exhibited excellent superhydrophobic but also self-cleaning surface property.  

Among them PP coated CS surface showedbetter stabilityagainst water jet impact as well as 

water drop impact tests.Even after 50 cycles of sandpaper abrasion and 20 cycles of adhesive 

tape peeling tests, the PP polymer deposited CS surface maintained superhydrophobic 

properties. The PP is a better polymer to improve the long-term durability of CS 

surfaceconfirmedby the mechanical durability tests.Therefore this approach can be used for 

potential industrial application.  

Keywords: Candle Soot, Lotus leaf, polymer coating, Self-Cleaning, and Superhydrophobic. 
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Abstract  

A robustsuperhydrophobic coating has been developed by depositing the polymer layer on 

the candle soot (CS) surface viadip coating technique.The weak physical interaction of the CS 

particlesthe substrate, results weaker the stability and robustness. In order to improve the 

mechanical propertiesof CS surface, we applied a thin layer of polystyrene (PS), polyethylene 

(PE), polypropylene (PP), and polyvinylidene fluoride (PVDF) on CS surface.The as PS, PE, PP 

and PVDF layer deposited CS surface revealedwater contact angles around 170°, 174°, 175°, 

and 171° with sliding angles of 2°, 1°, 1°, and 3° respectively. All polymer layer deposited CS 

surfacenot only exhibited excellent superhydrophobic but also self-cleaning surface property.  

Among them PP coated CS surface showedbetter stabilityagainst water jet impact as well as 

water drop impact tests.Even after 50 cycles of sandpaper abrasion and 20 cycles of adhesive 

tape peeling tests, the PP polymer deposited CS surface maintained superhydrophobic 

properties. The PP is a better polymer to improve the long-term durability of CS 

surfaceconfirmedby the mechanical durability tests.Therefore this approach can be used for 

potential industrial application.  
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Abstract  

A superhydrophobic coating was produced on stainless steel (SS) mesh using the dip 

coating technique. On stainless steel mesh (SS), a layer of polystyrene (PS) and followed by a 

layer ofoctadecyltrichlorosilane (OTS) was deposited back-to-back eight times. The water 

contact angle (WCA),rolling angle, and oil contact angle (OCA) of the prepared coatings were 

155±2°, 7±2° and 0°, respectively. The nano-level folds on micro-level bumps were observed on 

the stainless-steel mesh (SS) surfaceduring the surface microstructure study, which contributed 

to the surface's superhydrophobicity.The oil and water separation ability of coatings was tested 

using various oil and water mixtures, including petrol, diesel, kerosene, vegetable oil, and 

coconut oil. Thesuperhydrophobic mesh has showna separation effectiveness of more than 97% 

for low viscous fluids and less than 85% for high viscous oils. Low-viscous oils penetrated into 

the mesh at a higher rate than high-viscous oils. Bending, twisting, adhesive tape peeling, and 

sandpaper abrasion testing were used to assess the mechanical strength of the coating; the results 

demonstrated that coated mesh exhibited outstanding mechanical rigidity. Furthermore,the 

superhydrophobic mesh has revealed exceptional heat stability and self-cleaning ability. 

Keywords: Oil-water separation, stainless steel mesh, superhydrophobic, and superoleophilic. 
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Abstract  

A superhydrophobic coating was produced on stainless steel (SS) mesh using the dip 

coating technique. On stainless steel mesh (SS), a layer of polystyrene (PS) and followed by a 

layer ofoctadecyltrichlorosilane (OTS) was deposited back-to-back eight times. The water 

contact angle (WCA),rolling angle, and oil contact angle (OCA) of the prepared coatings were 

155±2°, 7±2° and 0°, respectively. The nano-level folds on micro-level bumps were observed on 

the stainless-steel mesh (SS) surfaceduring the surface microstructure study, which contributed 

to the surface's superhydrophobicity.The oil and water separation ability of coatings was tested 

using various oil and water mixtures, including petrol, diesel, kerosene, vegetable oil, and 

coconut oil. Thesuperhydrophobic mesh has showna separation effectiveness of more than 97% 

for low viscous fluids and less than 85% for high viscous oils. Low-viscous oils penetrated into 

the mesh at a higher rate than high-viscous oils. Bending, twisting, adhesive tape peeling, and 

sandpaper abrasion testing were used to assess the mechanical strength of the coating; the results 

demonstrated that coated mesh exhibited outstanding mechanical rigidity. Furthermore,the 

superhydrophobic mesh has revealed exceptional heat stability and self-cleaning ability. 

Keywords: Oil-water separation, stainless steel mesh, superhydrophobic, and superoleophilic. 
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Abstract  

A superhydrophobic coating was produced on stainless steel (SS) mesh using the dip 

coating technique. On stainless steel mesh (SS), a layer of polystyrene (PS) and followed by a 

layer ofoctadecyltrichlorosilane (OTS) was deposited back-to-back eight times. The water 

contact angle (WCA),rolling angle, and oil contact angle (OCA) of the prepared coatings were 

155±2°, 7±2° and 0°, respectively. The nano-level folds on micro-level bumps were observed on 

the stainless-steel mesh (SS) surfaceduring the surface microstructure study, which contributed 

to the surface's superhydrophobicity.The oil and water separation ability of coatings was tested 

using various oil and water mixtures, including petrol, diesel, kerosene, vegetable oil, and 

coconut oil. Thesuperhydrophobic mesh has showna separation effectiveness of more than 97% 

for low viscous fluids and less than 85% for high viscous oils. Low-viscous oils penetrated into 

the mesh at a higher rate than high-viscous oils. Bending, twisting, adhesive tape peeling, and 

sandpaper abrasion testing were used to assess the mechanical strength of the coating; the results 

demonstrated that coated mesh exhibited outstanding mechanical rigidity. Furthermore,the 

superhydrophobic mesh has revealed exceptional heat stability and self-cleaning ability. 

Keywords: Oil-water separation, stainless steel mesh, superhydrophobic, and superoleophilic. 
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Abstract  

A superhydrophobic coating was produced on stainless steel (SS) mesh using the dip 

coating technique. On stainless steel mesh (SS), a layer of polystyrene (PS) and followed by a 

layer ofoctadecyltrichlorosilane (OTS) was deposited back-to-back eight times. The water 

contact angle (WCA),rolling angle, and oil contact angle (OCA) of the prepared coatings were 

155±2°, 7±2° and 0°, respectively. The nano-level folds on micro-level bumps were observed on 

the stainless-steel mesh (SS) surfaceduring the surface microstructure study, which contributed 

to the surface's superhydrophobicity.The oil and water separation ability of coatings was tested 

using various oil and water mixtures, including petrol, diesel, kerosene, vegetable oil, and 

coconut oil. Thesuperhydrophobic mesh has showna separation effectiveness of more than 97% 

for low viscous fluids and less than 85% for high viscous oils. Low-viscous oils penetrated into 

the mesh at a higher rate than high-viscous oils. Bending, twisting, adhesive tape peeling, and 

sandpaper abrasion testing were used to assess the mechanical strength of the coating; the results 

demonstrated that coated mesh exhibited outstanding mechanical rigidity. Furthermore,the 

superhydrophobic mesh has revealed exceptional heat stability and self-cleaning ability. 

Keywords: Oil-water separation, stainless steel mesh, superhydrophobic, and superoleophilic. 
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Abstract 

In the present study, the nanocomposite of SiO2 nanoparticles and polystyrene (SiO2-PS) was 

deposited on the naturally dried Tectona grandis leaf mesh through the dip coating method. The 

leaf mesh demonstrated a water contact angle of 157 ± 2° and 8 ± 1° of water roll-off angle after 

being coated with 40 mg/ml of hydrophobic SiO2 nanoparticles in a 15 mg/ml of PS solution. 

The crater-like structure of the superhydrophobic leaf mesh effectively separates oils with an 

absolute viscosity of less than 55 cP from oil-water mixtures such as petrol, kerosene, diesel, and 

coconut oil using gravity-driven oil-water separation. The coated mesh also maintains its 

separation efficiency of 95% for up to 18 separation cycles. This low-cost and eco-friendly 

approach is a promising method for reducing oil-water pollution in future.  

Keywords: Tectona Grandis Leaf Mesh; Wettability; Superhydrophobic;Superoleophilic;Oil-

Water Separation. 
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Abstract 

In the present study, the nanocomposite of SiO2 nanoparticles and polystyrene (SiO2-PS) was 

deposited on the naturally dried Tectona grandis leaf mesh through the dip coating method. The 

leaf mesh demonstrated a water contact angle of 157 ± 2° and 8 ± 1° of water roll-off angle after 

being coated with 40 mg/ml of hydrophobic SiO2 nanoparticles in a 15 mg/ml of PS solution. 

The crater-like structure of the superhydrophobic leaf mesh effectively separates oils with an 

absolute viscosity of less than 55 cP from oil-water mixtures such as petrol, kerosene, diesel, and 

coconut oil using gravity-driven oil-water separation. The coated mesh also maintains its 

separation efficiency of 95% for up to 18 separation cycles. This low-cost and eco-friendly 

approach is a promising method for reducing oil-water pollution in future.  
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Abstract 

In the present study, the nanocomposite of SiO2 nanoparticles and polystyrene (SiO2-PS) was 

deposited on the naturally dried Tectona grandis leaf mesh through the dip coating method. The 

leaf mesh demonstrated a water contact angle of 157 ± 2° and 8 ± 1° of water roll-off angle after 

being coated with 40 mg/ml of hydrophobic SiO2 nanoparticles in a 15 mg/ml of PS solution. 

The crater-like structure of the superhydrophobic leaf mesh effectively separates oils with an 

absolute viscosity of less than 55 cP from oil-water mixtures such as petrol, kerosene, diesel, and 

coconut oil using gravity-driven oil-water separation. The coated mesh also maintains its 

separation efficiency of 95% for up to 18 separation cycles. This low-cost and eco-friendly 

approach is a promising method for reducing oil-water pollution in future.  
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Abstract 

In the present study, the nanocomposite of SiO2 nanoparticles and polystyrene (SiO2-PS) was 

deposited on the naturally dried Tectona grandis leaf mesh through the dip coating method. The 

leaf mesh demonstrated a water contact angle of 157 ± 2° and 8 ± 1° of water roll-off angle after 

being coated with 40 mg/ml of hydrophobic SiO2 nanoparticles in a 15 mg/ml of PS solution. 

The crater-like structure of the superhydrophobic leaf mesh effectively separates oils with an 

absolute viscosity of less than 55 cP from oil-water mixtures such as petrol, kerosene, diesel, and 

coconut oil using gravity-driven oil-water separation. The coated mesh also maintains its 

separation efficiency of 95% for up to 18 separation cycles. This low-cost and eco-friendly 

approach is a promising method for reducing oil-water pollution in future.  

Keywords: Tectona Grandis Leaf Mesh; Wettability; Superhydrophobic;Superoleophilic;Oil-

Water Separation. 
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“Synthesis and Characterizations of Nickel Oxide Thin Film for 

Supercapacitor Application” 
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Abstract 

Nickel Oxide (Nio) thin films were successfully deposited by simple Electrodeposition 

Technique by using Nickel Chloride onto copper substrate at room temperature. Influence of 

substrate temperature on structural, surface morphological, optical and, electrical properties were 

studied using X- ray Diffraction, Scanning Electron Microscope and, Contact angle meter. XRD 

results reveal that, films are average grain size is 40.83 nm. XRD results reveal that films are 

polycrystalline with single phase cubic structure and crystallinity of the film increases as the 

temperature increases. Scanning electron microscopy studies indicate that, a strong dependence 

of the surface texture and grain size on the various experimental conditions. It shows that 

particles shown is micaceous an of lakes with dispersed sandwich and cauliflower in shape. This 

may be occurred due to urea used in the synthesis process as hydrolysis controlling agent. The 

porosity of the films increases after annealing which was observed from the SEM study. Contact 

angle of nearly 0˚ correspond to complete wetting. This clearly indicates the films having 
superhydrophilic nature. 

Keywords: Electrodeposition method, XRD, SEM, Nickel oxide etc. 
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ABSTRACT

 This review focuses on utilisation of Oryza sativa Husk as a source for 
silicon nanoparticles (Si NPs) that are created via magnesiothermic reduction 
and used in composite anodes for lithium-ion batteries (LIBs). The production of 
silicon nanoparticles (Si NPs) has been explained and, their electrochemical 
characteristics, and possibility for activated carbon-decorated silicon 
nanocrystals (AC@nc-Si@AC) to serve as high-capacity anode materials have 
been discussed. The study emphasises cost-effective, synthesis techniques for 
creating environmentally acceptable energy storage technologies with the use 
of biomass.

Introduction:

 The majority of people in the world 
consume rice (Oryza sativa) regularly. To fulfil 
the demands of the expanding population, it is 
crucial to cultivate Oryza sativa sustainably. In 
recent years, the world has consumed about 
470 million metric tons of Oryza sativa (Wong, 
et. al., 2014). Millions of tonnes of Oryza sativa 
husk is produced during the manufacturing of 
rice. Although Oryza sativa husk can be 
utilised to make fuel, fertiliser, and building 
materials, it is frequently considered a waste 
product (Rodr´ıguez de Sensale, 2006; 
Kamenidou et. al., 2010; Duan et. al., 2013; 
Fang et. al, 2004). Even though Oryza sativa 
husk decomposes naturally, the readily 
available quantity may convert it as a resource 
for novel technologies for the benefit of 
mankind.  
           Oryza sativa husk contains a high 
proportion of Silicon dioxide (SiO ), Depending 2

on the type of soil used to cultivate Oryza 
sativa, the SiO content in its husk ranges from 2 

10 to 20 %   (Chandrasekhar et. al., 2003). The 
Oryza sativa husk can be pre-treated with 
various acids before being pyrolyzed to 
recover SiO from it (Yalcin and Sevinc, 2001; 2 

Kalapathy, et. al., 2002; Liou, 2004; Adam, et. 

al, 2012). The characteristics of silicon dioxide 
recovered from husk vary with the source or 
raw material. Even the amount of SiO differs 2 

across Oryza sativa husks from different 
geographical areas. This may have an impact 
on the SiO extraction characteristics, including 2 

purity, particle size, and shape (Carmona, et. 
al., 2013; Le, et. al., 2013). The SiO obtained 2 

from the Oryza sativa has a nanoscale shape. 
SiO  can be converted into silicon (Si) by 2

employing magnesiothermic reduction 
method, wherein magnesium (Mg)powder and  

SiO are heated in a furnace until they react. 2 

Pure Si is left behind when the SiO and 2 

magnesium react with the oxygen to generate 
magnesium oxide (MgO) (Banerjee et. al., 
1982). In this way, SiO  can be converted to Si 2

in its original shape via magnesiothermic 
reduction method. Since the reaction is carried 

0out at a temperature of 600 C the silicon 
nanoparticles (Si NPs) can be subjected to 
sintering into a bulk substance. During 
sintering, the particles come together to create 
a solid mass. It takes less time for the particles 
to sinter together when the reaction is carried 
out at a low temperature, resulting in smaller, 
more homogeneous Si NPs. Thus it is possible 
to use silicon dioxide nanoparticles (SiO  NPs) 2

as a raw material to create Si NPs. This might 
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result in the creation of innovative and effective 
processes for Si NPs synthesis (Sun and 
Gong, 2001).  This process enables the 
possibility of using low-cost Si NPs in lithium-
ion battery systems. This might result in the 
creation of lithium-ion batteries (LIBs) that are 
more cost-effective and environmentally 
friendly (Xing, et. al, 2013; Liu, et. al., 2013; 
Junget. et. al., 2013). 
                In upcoming LIBs, Si NPs will be a 
potential anode material. This is due to 
enormous capacity of Si to store a large 
amount of energy (Kasavajjula et. al., 2007). 
Furthermore, Si NPs have a large surface 
area, which increases their reactivity with 
lithium ions. This may result in quicker 
charging and discharging times as well as 
increased battery performance. Theoretically, 
Si is the alloying material that can react with 
lithium ions. The capacity of producing 4200 
mAh/g during this reaction, at room 
temperature, is 10-12 times larger than the 
specific capacity of conventional graphite 
based anodes. LIBs, made with the help of Si-
based materials have an issue with volume 
expansion during the charge-discharge cycle. 
This is due to the many alloy formation stages 
that Si goes through during the charge-
discharge cycle, which causes it to expand and 
contract. The Si anode may break as a result of 
this growth in the volume, which could affect 
the battery performance and lifespan 
(Boukamp, 1981). A similar issue that can be 
experienced with Si-based materials is their 
inherently low conductivity. This indicates that 
Si is a poor conductor of electricity, which may 
reduce the battery capacity (Lee, et al., 2010; 
Magasinski, et. al., 2010). In addition to its low 
working voltage, abundance on Earth, and low 
toxicity, Si has several further advantages as 
an anode material for LIBs (Entwistle, et. al., 
2018).
 Lithium ions are injected into the 
material in a process known as intercalation 
that produces lithiation in conventional 
electrode materials. The intercalation method 
results in very few structural changes and with 
high retention capacity. On the other hand, Si 
and lithium combine to form an alloy that 
requires periodic cycles of contravention and 
re-establishing chemical connections with the 

host structure. Low conductivity and the 
possibility of volume increase are the main 
drawbacks of adopting Si as an anode material 
for LIBs. The Si can swell by as much as 280% 
when a lot of lithium ions are injected into it. 
The Si anode may fracture and break as a 
result of the volume increase, which could 
result in a decrease in battery performance 
and life. The composite electrode may sustain 
structural degradation due to the dimensions 
increase of Si during cycling, which isolates the 
active component and reduces capacity. This 
poses a significant obstacle to the creation of 
Si anodes with large capacities and long cycle 
lives (Entwistle, et. al., 2018).
           The synthesis of SiO  and Si materials 2

for LIBs from the husk of Oryza sativa, using 
v a r i o u s  e x t r a c t i o n  m e t h o d s  a n d  
magnesiothermic reduction, have been 
discussed in this communication. 

Synthesis:
           Ratsameetammajak et al. (2022) 
described the process of preparing silica from 
the husk of Oryza sativa (rice). Rice husks are 
taken from farms and washed in water. They 

oare then completely dried at 100 C. To get rid 
of any metallic impurities, rice husks are 
soaked in an aqueous solution of hydrochloric 
acid (HCl) overnight. In order to achieve the pH 
value of pH of 7, rice husks are thoroughly 
rinsed in water. Then the rice husks are dried at 
100 °C, and subsequently burnt in a muffle 
furnace at 700 °C for two hours. The burning 
process is repeated once again to ensure the 
perfect removal of organic matter and the 
creation of rice husk ash, an ample source of 
silica. Where the silica comes from. Below is a 
summary of the process used to create 
reduced graphene oxide (rGO): An adaptation 
of the Hummers process is used to create 
graphite oxide (GO) from graphite powder. In a 
non-reactive atmosphere for 5 hours, reduce 
the GO in a tube furnace at 800 °C 
(Autthawong et. al., 2020)              
 The process of creating the composite 
material made of SiO @rGO with a proportion 2

of 30:70 can be summed up as follows: 
Prepare recently generated SiO  by 2

precipitating it for 2 hours at 120 °C in a NaOH 
solution. In the suspension, distribute rGO by 



utilising a hydrochloric acid solution. 
       Graphene oxide (GO) is a unique material 
that can be viewed as a single monomolecular 
layer of graphite with various oxygen-
containing functionalities such as epoxide, 
carbonyl, carboxyl, and hydroxyl groups. 
Reduced graphene oxide (RGO) is the form of 
GO that is processed by chemical, thermal and 
other methods to reduce the oxygen content. 
As graphite oxide is a material produced by 
oxidation of graphite, it leads to increased 
interlayer spacing and functionalization of the 
basal planes of graphite.
             Raise the pH of the mixture to 7. Keep 
aside overnight at room temperature, and then 
stir the mixture.  Rinse the mixture with 
deionized (DI) H O and ethyl alcohol 2

(CH CH OH) and then centrifug. Dry the 3 2

sample thus obtained in a hot air oven at 60 °C 
as described by Ratsameetammajak et. al., 
(2022). 
          The creation of the composite material 
(SiO @rGO and Polyaniline) including SiO / 2 2 

rGO and Polyaniline (PANI) can be summed 
up as follows: In a mixture of 10 mL ethanol, 5 
ml deionized water, and 5 ml H SO , make a 2 4

suspension of SiO @rGO. To produce a 2

consistent  d ispersion,  sonicate the 
suspension. While agitating ferociously in an 
ice bath, dropwise add the aniline monomer to 
the solution. Stir the solution for 6 hours in an 
ice bath while adding Ammonium Persulfate 
((NH ) S O ). When polymerization takes place 4 2 2 8

leading to the formation of polyaniline 
emeraldine salt, the solution will turn dark 
green. To achieve a clear solution, repeatedly 
wash the suspension in H O and CH CH OH.2 3 2

            The electrochemical behaviour of the 
PANI-SiO @rGO composite was further 2

studied in a coin-type cell utilising lithium foil as 

the reference and counter electrodes. A 
composite anode made of SiO  and rGO was 2

used in parallel tests to compare the results. 
The initial three lithiation-delithiation curves of 
the SiO @rGO and PANI-SiO @rGO 2 2

electrodes at a potential range of 0.01-3.00 V 
+ -1(vs. Li/Li ) at a current density of 0.4 A g  are 

shown in Figures 1b and 1c, respectively. 
            The SiO @rGO composite electrode's 2

initial lithiation and delithiation specific 
capacities were 1012 and 300 mAh/g, 
respectively, however, it had a poor coulombic 
efficiency (CE) of 29.6%. The PANI-
SiO @rGO composite electrode initial 2

lithiation/delithiation specific capacities, on the 
other hand, were 1508 and 647 mAh/g, 
respectively, with a CE of 42.9%. The 
reduction of silica in SiO @rGO and PANI-2

SiO @rGO composites, results in lithium loss, 2

causing initial low CE. The potential gradient 
plateaus on both electrodes, which range from 
1.5 to 0.5 V, clearly show the formation of a 
solid electrolyte interphase (SEI) layer 
(Ratsameetammajak et. al., 2022). 
               The existence of stable plateaus 
during early cycles is an evidence of this 
reaction (Figure 1d). The subsequent cycles 
show that the SEI layer is only formed in the 
initial cycle, as the slopes gradually become 
sharper and the hills gradually get smaller. The 
charge voltage profiles become noticeably 
steeper rather than staying flat at potentials 
higher than 1.5 V. This invention can be 
attributed to solvent degradation processes 
occurring on the oxide electrode surface, 
w h i c h  p r o d u c e d  t h e  S E I  c o a t i n g  
(Ratsameetammajak et. al., 2022). 
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Figure 1(a-f) (a) the synthetic pathway for 
the preparation of the PANI-SiO @rGO 2

composite, lithiation-delithiation profiles 
for the composites PANI-SiO @rGO and 2

-1SiO @rGO measured at 400 mA g  in 2

current density (b) and (c), during the first 
three cycles, cyclic voltammograms (CV) of 
the PANI-SiO @rGO electrode were 2

-1recorded at a scan rate of 0.1 mV s  and are 
displayed in (d), SiO @rGO and PANI-2

SiO @rGO composites long-term cycling 2

stability and Coulombic efficiency 
-1comparison at 400 mA g  are depicted in 

(e). SiO @rGO and PANI-SiO @rGO 2 2

composites rate performance evaluation is 
depicted in (f).
            During the initial cycle of delithiation 
and lithiation, a layer on the surface of anode 
known as the SEI film develops. It is produced 
by the interaction of the electrode material and 
the electrolyte at the solid-liquid interface. It is 
thought that the partial breakdown of the SEI 
coating was mostly due to the initial poor CE. 
The initial coulombic efficiency of PANI-
SiO @rGO electrode is greater than that of 2

SiO @rGO composite electrode. This is 2

because the PANI covering shell prevents the 
electrolyte at SiO @rGO surface from 2

decomposing.  
              Figure 1e compares the long-term 
cycling stability of SiO @rGO nanocomposite 2

(NC) electrode with the PANI-SiO @rGO 2

composite electrode. The PANI-SiO2@rGO 
NC anode has outstanding long-term cycling 

-1performance at 0.4 A g  and maintains a high 
reversible capacity of 680 mAh/g after 400 
cycles, which is about twice as much capacity 
as standard graphite anodes. In comparison, 
after 215 cycles, SiO @rGO NC electrode can 2

only discharge 414 mAh/g. This shows that 
only mild pulverisation of SiO  in the PANI-2

SiO @rGO NC occurred. The PANI coating 2

efficiently slows down electrolyte degradation 
on the surface of SiO  and serves as a flexible 2

protective layer to absorb SiO  volumetric 2

changes.
            The results presented above make it 
clear that the PANI shell outstanding 
mechanical qualities may prevent SiO2 

nanoparticle volumetric alterations. This 
capability guarantees that the working 
electrode structural integrity is maintained 
throughout discharge and charge cycles, 
greatly enhancing the electrode sustained 
stability over time.
            The rate performance of PANI-
SiO @rGO and SiO @rGO NC electrodes was 2 2

evaluated at different current densities ranging 
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-1from 0.1 to 2.0 A g , as shown in Figure 1f. At 
the corresponding current densities of 0.1 to 2 

-1A g , the PANI-SiO @rGO NC electrode 2

displayed discharge capacities ranging from 
-1563.6 to 217.1 mAh/g. After cycling at 2 A g , 

the electrode maintained a discharge capacity 
-1of 539.4 mAh/g when cycled back to 0.1 A g , 

illustrating its excellent rate performance. 
These results show that using PANI-
SiO @rGO NC is an effective way to improve 2

the electrochemical properties of SiO @rGO 2

(Ratsameetammajak et. al., 2022).  
               N-doped carbon coated       PANI-
SiO @rGO NC has superior lithium storage 2

capacity. Which can be attributed to their 
distinctive structure. SiO  nanoscale 2

properties shorten the lithium ion diffusion 
path, which enhances lithium-ion diffusion and 
electronic transport. however, the rate 
capability may suffer. The encircling rGO 
sheets on the SiO surface have generated a 2 

continuous conductive channel that connects 
the SiO  nanoparticles, considerably 2

improving the conductivity of PANI-SiO @rGO 2

NC electrode. SiO  pulverisation is avoided 2

because the PANI materials elasticity 
effectively adapts to the NC volume variations 
during the Li-alloying and dealloying 
operations (Ratsameetammajak et. al., 2022; 
(Liao, et. al. 2020; Charlton, et. al., 2020, 
Chen, 2019). In conclusion, PANI-SiO @rGO 2

NC had an improved initial CE of 42.9% and a 
high specific capacity of 680 mAh/g at 400 
mA/g after 215 cycles (Ratsameetammajak et. 
al., 2022). 

Synthesis of silicon nanoparticles:
 Daulay et al. (2022) heated Oryza 
sativa husk at 600°C for 5 hours to produce 
ash.  Thereafter the ash and NaOH were 
combined and stirred for three hours at 240 
rpm and 100°C. The mixture was filtered, and 
HCl was added until a pH reached 7.0, The 
precipitate was filtered out and residual 
solution was heated at 100°C for three hours 
again for precipitation, which was again 
removed by filtration. After several rounds of 
washing with distilled water and drying, SiO  2

was produced in the form of powder. It was 
then mixed with KBr with a ratio of 1:10, 

deionized water was added, and stirring was 
carried out for three hours. The combination 
was subjected to ultrasonication for six hours. 
The residue produced after ultrasonication 
was separated by decantation, and the filtrate 
was allowed to dry for 12 hours. The dry 
powder was mixed with Mg powder in various 
ratios (1:1.0, 1:1,5, 1:2.0). The next calcination 
procedure was undertaken at 800°C for 8 
hours. During the first purification stage, 150 
mL of deionized water and 15 mL of ethanol 
were added. After that, there was 3 hours of 
agitation. Centrifugation of the mixture was 
done for 30 minutes at a speed of 4000 rpm. 
After being regularly cleaned with deionized 
water, it was dried for six hours at 80 °C. The 
second stage involved addition of 150 ml, 5 N 
HCl and a 12-hour rest period. The sample was 
dried at 80 °C for 6 hours, washed with 
deionized water, and then centrifuged once 
again for 30 minutes at 4000 rpm. Then 150 mL 
of 10% hydrogen fluoride (HF) was added as 
the last stage, and the mixture was allowed to 
settle for 15 minutes. The mixture was first 
dried, followed by several washes in deionized 
water, and a second drying step was six hours 
at 80 °C. Si-1, Si-1.5, and Si-2 thus produced 
were labelled. (Daulay, et. al., 2022).
                Figure 2b displays cyclic 
voltammetry profiles for Si NPs. The data 
demonstrated that as the ratio of SiO  and Mg 2

i n c r e a s e s  d u r i n g  r e d u c t i o n ,  t h e  
magnesiothermic reduction causes a higher 
reduction peak associated with the production 
of delithiation as well as oxidation peaks, 
associated with the lithiation to Si. Cyclic 
voltammetry (CV) was used to measure the 
activation process for Si-1, Si-1.5, and Si-2 
electrodes with a voltage range of 0.01 to 1 V 

+ -1(against Li /Li) and a scan rate of 0.2 mVs . 
The CV analysis of Si-1 (Figure 2c) revealed 
lithiation-related reduction peaks (0.16 V) as 
well as the delithiation-related oxidation peaks 
(0.31 V and 0.54 V). Figure 2d depicts the 
lithiation of Si-1.5 at 0.21 V and its delithiation 
at 0.37 V and 0.57 V. In Figure 2e, the lithiation 
(0.25 V) and delithiation (0.45 V and 0.61 V) 
peaks for Si-2 are displayed. These peak 
intensities increase during the cycles, 
suggesting that more lithium ions are possibly 
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moving between the electrode and electrolyte. 
This indicated gradual activation of 
substances. Compared to Si-1.5 and Si-2, Si-1 
showed less significant peaks in both lithiation 
and delithiation. More efficient transport of 
lithium ions from the cathode to the anode and 
vice versa is shown by smaller lithiation and 
delithiation peaks in CV (Daulay et. al., 2022).
            The rate capability study for the Si-1, 
Si-1.5, and Si-2 electrodes is shown in Figure 
2f. The first cycle is performed to ensure that Si 
is adequately activated, as shown by cyclic 
voltammetry, which aids in the creation of a 
stable solid electrolyte interphase (SEI) layer 
(Liu et. al., 2006).  Si-1, Si-1.5, and Si-2 
electrodes, respectively, had initial discharge 
capacities of 3416, 3037, and 2847 mAh/g. 
54.9, 85.4, and 85.6 % are the comparable 
Conformite Europeenne (CE). The silicon 
lithiation potential range (0.01 V to 0.50 V) is 
higher than the carbonate-based lowest 
unoccupied molecular orbital (LUMO) 
electrolyte. When a voltage is applied, Si is 
lithiated, resulting in the formation of an 
amorphous solid electrolyte interface (SEI). By 
reductively destroying the electrolyte, this SEI 
is created. The native oxide layer on the Si 
surface is damaged during the initial lithiation 
process, which causes an inner SEI 
predominantly made of lithium ethylene 
dicarbonate (LEDC) and Li SiO  to develop. x y

While the continuing discharge causes LiF to 
be produced, a significant amount of outer SEI 
is predominantly made up of LEDC. Within the 
def ined potent ial  range, these SEI 
components containing lithium remain stable. 
Because of this, the lithium that is used during 
delithiation cannot be completely recovered 
from the created SEI constituents, which 
results in permanent capacity loss and 
reduced coulombic efficiency during the initial 
cycle (Schroder, et. al., 2015). Si-1 improved 
electrochemical compatibility with Si and LiPF  6

electrolytes were highlighted by the slightly 
higher initial charge-discharge coulombic 
efficiency seen in Si-1 compared to Si-1.5 and 
Si-2.

           This suggests that the anodes have the 
following rate capabilities: Si-1 > Si-1.5 > Si-2. 
Examining these electrode typical charge-
discharge curves at particular rates lends 
credence to this claim. The electrode is more 
stable during discharge because the voltage 
hysteresis is reduced. The higher capacity of 
Si-1 electrode compared to Si-1.5 and Si-2 
anodes demonstrates superior adaptability of 
Si-1 and endurance as a protective shell for 
absorbing significant volume variations. As 
seen by Si-1 more stable behaviour, this 
improves cyclability. Because of their greater 
ability to transport electrons and ions more 
quickly, Si NPs operate more quickly than 
nonconductive binder (PAA). The better 
electrical conductivity and superior specific 
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capacities at high current densities of Si-1, as 
compared to Si-1.5 and Si-2, are evidence of 
its improved physical encapsulation of silicon.
           These variations imply that Si-1 
performs better in LIBs than Si-1.5 and Si-2, 
suggesting that Si-1 has an advantage over 
other materials as an anode material. In 
conclusion, using the magnesiothermic 
process and KBr as a scavenger, Si NPs were 
created from Oryza sativa husk. Three 
different Si NPs kinds were produced using 
this ecologically friendly method (Salah, et. al., 
2019).  As LIB anodes, all three varieties of Si 
NPs demonstrated excellent performance. Si-
1, Si-1.5, and Si-2 had specific capacities of 
3416, 3037, and 2847 mAh/g, respectively. Si-
1, Si-1.5, and Si-2 had lithiation potentials and 
delithiation potentials of 0.16, 0.21, and 0.25 V, 
respectively (Daulay et. al., 2022). 

Synthesis of activated carbon-decorated 
nanocrystals-silicon:
              Sekar et al. (2019) heated brown 
Oryza sativa Husks in an air atmosphere for 

0120 minutes at 500 C to collect the ash. After 
that, 1.0 g of ash and 0.2 g of magnesium (Mg) 
powder were mixed. This mixture was put in an 
alumina crucible and annealed for 120 minutes 

0at 700  C in an argon (Ar) environment. 
Magnesiothermic reduction took place 
throughout this procedure. The annealed 
mixtures underwent a 6-hour stirring 
procedure in 1 M hydrochloric acid (HCl) to 
isolate acicular nc-Si-enriched activated 
carbon nanocomposites and remove 
magnesium silicide (Mg Si) precipitates, 2

magnesium oxide (MgO) residues, and native 
silicon dioxide (SiO ) impurities. The next step 2

involved 1-hour reaction with 5% hydrofluoric 
acid (HF). The wet activated-carbon-
decorated silicon nanocrystal products were 
then collected from the resultant solution, 
filtered, and washed with deionized water 
before being dried under vacuum for 10 hours 

0at 80 C. The Brown Oryza sativa Husks was 
used to create the activated-carbon-decorated 
silicon nanocrystal nanocomposites utilising 
the magnesiothermic reduction technique 
(Figure 3a) (Sekar et. al., 2019).
              In addition, by integrating the benefits 

of both nanocrystals-silicon and activated 
carbon, the novel nanocomposite structure 
known as activated-carbon-decorated silicon 
nanocrystal, which consists of activated 
carbon embellished with nanostructured 
silicon (nc-Si), is predicted to enhance the 
electrochemical performance of LIBs. Building 
LIB anode combinations utilising nanocrystals-
silicon, activated carbon, and activated-
carbon-decorated silicon nanocrystal allowed 
researchers to test this idea by evaluating the 
electrochemical characteristics of materials. 
Initially, cyclic voltammetry (CV) profiles 
covering the voltage range of 0 to 3.0 V (vs. 

+Li/Li ) were captured for the prepared anodes 
using a scan rate of 0.1 mV/s. Different anodic 
peaks were visible in the LIB configuration with 
the nanocrystals-silicon anode (Figure 3b), 
which correspond to the incorporation of 
lithium ions into the nanocrystals-silicon. A 
cathodic peak at 0.66 V also formed during the 
first CV cycle and was brought on by the 
electrode surface developing a solid 
electrolyte interphase (SEI) layer as well as 
electrolyte breakdown. The subsequent 
stabilisation of CV curves from the second to 
fifth cycles is proof that the SEI layer prevents 
further electrolyte breakdown and improves 
LIB stability. The interaction of Li ions with the 
native SiO  present on the nanocrystals-silicon 2

surface is most likely what caused a wider 
cathodic peak to form at 1.65 V (Sekar, et. al., 
2019; Sun, et. al., 2014, 2015).
          During the first CV cycle, the activated 
carbon anode (Figure 3c) had a pronounced 
cathodic peak at 0.2 V, which was followed by 
stable following curves. This was most likely 
caused by the formation of an SEI layer on the 
activated carbon surface. In a similar manner, 
when using activated-carbon-decorated 
silicon nanocrystal as the anode. Although the 
nanocomposites included minute amounts of 
MgO residue, the device did not show any 
MgO-related peaks. The activated-carbon-
decorated silicon nanocrystal nanocomposites 
showed noticeably more powerful anodic 
responses than the nanocrystals-silicon 
instance. This shows that the highly 
conductive activated carbon nanosheets 
ins ide  the  ac t i va ted-carbon-s i l i con  
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nanocomposite system caused the activated-
carbon-decorated silicon nanocrystal to suffer 
faster electrochemical reactions (Sekar, et. al., 
2019).
                GCD measurements were used to 
assess the samples electrochemical 
properties. The init ial l i thiation and 
delithiations capacities for the nanocrystals-
silicon sample during the first cycle were 336 
and 75 mAh/g, respectively (Figure 3e). Due to 
the intrinsic oxide tendency to lithiate, the initial 
coulombic efficiency was thus only about 22%. 

stThe 1  discharge curve of the nanocrystals-
silicon sample (Figure 3e) exhibits a large 
plateau at about 0.09 V, which denotes the 
development of SEI layers and Li-Si alloys on 
the anode material surface. Due to limitations 
in electronic conductivity, sluggish chemical 
reactions, and a reduction in surface area, the 
GCD performance drastically declined in the 
second cycle (Sekar, et. al., 2019). The charge 
and discharge capacities for the activated 
carbon sample, which is depicted in Figure 3f, 
were 295 and 545 mAh/g, respectively. This 
resulted in a coulombic efficiency of 54%. The 
initial discharge curve suggested that the 
formation of the SEI layer might lead to a 
plateau at 0.8 V. After multiple charge-
discharge cycles, this plateau disappeared 
because of the stability of the carbon-based 
LIB anode (Sekar, et. al., 2019).
            When the activated-carbon-decorated 
silicon nanocrystal anode was employed, the 
LIB device displayed greater charge (510 
mAh/g) and discharge (716 mAh/g) 
capabilities than the other samples (Figure 
3g). The enhanced coulombic efficiency of 
ac t i va ted -ca rbon -deco ra ted  s i l i con  
nanocrystal anode was 71% as a result. This 
increased efficiency can be related to the 
structure of activated carbon-coated 
nanocrystals-silicon nanocomposite, which 
efficiently reduces unfavourable processes 
(such Li-Si alloying on the nanocrystals-silicon 
surface) and encourages electron diffusion 
because mesoporous nanocrystals-silicon is 

st present. The 1 discharge cycle showed three 
potential plateaus (0.3, 0.5, and 0.8 V) as a 
result of the formation of the SEI layer and the 
lithiation of amorphous Li Si and Si (Sekar, et. x

al., 2019). 
          The rate capability and cycle stability of 
LIBs with activated carbon and silicon 
nanocrystal anodes coated with activated 
carbon were then evaluated. The LIB device 
with the nanocrystal-silicon anode was 
excluded due to its poor electrical conductivity, 
as was already indicated. (Sekar, et. al., 2019).  

Figure 3: The experimental methods for 
s imul taneously  obta in ing s i l icon 
nanocrystal nanocomposites adorned with 
activated carbon from the biomass 
resource known as Brown Oryza sativa 
Husks (BOSHs), lithium-ion battery (LIB) 
device cyclic voltammetry (CV) curves 
using anode materials made of (b) nc-Si, (c) 
A C ,  a n d  ( d )  A C @ n c - S i @ A C  
nanocomposites, the scanning rate used 
for all of the CV measurements was 0.1 
mV/s. Galvanostatic charge-discharge 
(GCD) curves of LIB devices using (e) nc-
Si, (f) AC, and (g) activated-carbon-
d e c o r a t e d  s i l i c o n  n a n o c r y s t a l  
nanocomposites as anode materials, A 
current density of 100 mA/g was used for 
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the first GCD cycle, and a current density of 
200 mA/g was used for the subsequent 
cycles, (h) Rate performance for the LIB 
devices using the anode materials of AC 
nanosheets and activated-carbon-
d e c o r a t e d  s i l i c o n  n a n o c r y s t a l  
nanocomposites at different current 
densities and (i) Cycling performance and 
coulombic efficiency determined for LIB 
devices using AC@nc-Si@AC as anode 
materials under an applied current density 
of 200 mA/g.
                Figure 3h shows the rate 
performance of the LIBs based on the applied 
current density. The LIB with the activated 
carbon anode displayed reversible discharge 
capacities ranging from 214 to 83 mAh/g at 
applied current densities of 100 to 2000 mA/g. 
The silicon nanocrystal activated-carbon 
decorated anode of the LIB demonstrated 
reversible discharge capacities ranging from 
561 to 199 mAh/g at applied current densities 
of 100 to 2000 mA/g, respectively. Both times, 
when the applied current density was lowered 
to 200 mA/g after 25 cycles, the discharge 
capacity fully recovered, indicating good 
reversibility. However, the initial specific 
capacity (during the first cycle at 100 mA/g) 
and the specific capacity window (the variance 
of specific capacity with varying applied 
current density) were approximately 2.6 times 
and 1.5 times, respectively (Sekar, et. al., 
2019). 
            The silicon nanocrystal anode coated 
with activated carbon also showed excellent 
cycle performance and a good CE. As shown in 
Figure 3i, the activated carbon anode had a 
noticeably lower discharge capacity of 166 
mAh/g, which is only 0.38 times that of the 
ac t i va ted  carbon-decora ted  s i l i con  
nanocrystal anode, while the activated carbon 
anode maintained a high discharge capacity of 
429 mAh/g over 100 cycles. Additionally, the 
silicon nanocrystal anode-equipped LIB 
maintained a rather high CE of around 97.5% 
throughout 100 charge-discharge cycles.
             The discharge capacity observed here 
was enhanced by around 1.2 times in 
comparison to commercial graphite (372 
mAh/g), owing to the greater specific capacity 

of Si in activated-carbon-decorated silicon 
nanocrystal nanocomposites. The two-
dimensional shape and superior electronic 
conductivity of the activated carbon 
nanosheets in the silicon nanocrystal coated 
with activated carbon may improve ion 
diffusion and storage in LIBs.
            The strong structural stability of 
ac t i va ted -ca rbon -deco ra ted  s i l i con  
nanocrystal nanocomposites is responsible for 
these  excep t iona l  ra te  and  cyc l i c  
performances. In essence, the activated 
carbon nanosheets served as a protective 
coating or shell for the Si nanocrystals, 
minimising the volumetric changes in those 
crystals. The Li interaction with nanocrystals-
silicon was considerably hampered throughout 
the whole solid-state system of the activated-
carbon-decorated sil icon nanocrystal 
nanocomposite because the activated carbon 
shell allowed plenty of room for Li-ion diffusion 
during charge-discharge operations.
           The initial capacity of fully biomass-
derived activated carbon could still be raised, 
even though adding nanocrystals-silicon and 
highly conductive nanomaterials (like 
graphene, carbon nanotubes, conducting 
polymers, etc.) could be the next steps to 
improve the electrical conductivity and porosity 
of the entire composite material system, 
leading to further improvements in its 
electrochemical performance. 
             Finally, activated carbon made from 
brown Oryza sativa husks and silicon 
n a n o c r y s t a l s  A c t i v a t e d  c a r b o n  
nanocomposites have a high initial discharge 
capacity, reversible specific capacity, rate 
performance, cyclic stability, and coulombic 
efficiency. These nanocomposites have the 
potential to serve as high-performing anode 
materials for LIB devices (Sekar, et. al., 2019). 

Synthesis of nano-silicon:
            Husks of Oryza sativa were calcined for 
5 hours at 600 °C following Sudarman et al. 
Oryza sativa husk ash and a 10% sodium 
hydroxide (NaOH) solution were mixed for 
three hours at a temperature of 100°C and a 
rotational speed of 240 rpm. After being 

557



filtered, the filtrate from the stirring procedure 
was gradual ly  combined wi th  37% 
hydrochloric acid (HCl) until the pH reached to 
7.0, which led to the precipitation of a 
precipitate. Silica (SiO ) gel was created after 2

extensively filtering and washing the 
precipitate with deionized water. The next step 
was to combine SiO2 gel with 98% magnesium 
powder in a weight-to-ratio of (1: 0.5, 1: 0.6, or 
1: 0.7). The last combination was sealed 
entirely in an autoclave made of stainless 
steel. The autoclave was then heated in a 
microwave for 10 hours at 180°C before being 
cooled for 12 hours at room temperature. The 
powder obtained was put through a purifying 
process. The purification procedure began 
with the addition of a 5 N hydrochloric acid 
(HCl) solution for 12 hours. The mixture was 
rinsed three times with deionized water, and 
then the silicon was removed by centrifuging 
the mixture at 4000 rpm for 30 minutes. Adding 
a 10% hydrofluoric acid (HF) solution for 15 
minutes was the second step in the purification 
process. Three rounds of washing with 
deionized water were followed by a 30-minute 
centrifugation at 4000 rpm to remove 
unreacted SiO  and other impurities produced. 2

Three samples were given the designations Si-
0.5, Si-0.6, and Si-0.7, with the numbers 0.5, 
0.6, and 0.7 designating the amounts of 
magnesium (Mg) powder used in each sample. 
Using a hydrothermal process, silicon (Si) with 
a diameter of only a few nm was produced in an 
aqueous solution. This required the SiO to be 2 

reduced using a mixture of Oryza sativa husk 
SiO gel and Mg powder. SiO gel and Mg 2 2 

powder reacted to form Si and magnesium 
oxide (MgO). The hydrothermal procedure, 
which comprises lowering SiO  at a 2

temperature of 180°C for 10 hours, results in a 
mixture of Si and MgO. High-purity nano-Si is 
produced through further purification 
procedures. To remove Mg, magnesium 
silicide (Mg Si), and MgO from the mixture, 2

hydrochloric acid (HCl) is added in the first 
purification stage. HF is added during the 
second purification stage to efficiently remove 
SiO . In Figure 4a, the hydrothermal technique 2

for synthesising nano-Si is shown graphically 
(Sudarman et al., 2023). 
          Additionally, cyclic voltammetry (CV) on 
Si-0.5, Si-0.6, and Si-0.7 was carried out at a 

-1scan rate of 0.2 mV s  throughout a voltage 
range of 0.01 to 1.5 V. In Figure 4b, the CV of 
Si-0.5 shows two reduction peaks at 0.38 V 
and 0.58 V, which are associated with the 
extraction of Li+ ions, and one oxidation peak 
at 0.16 V, which is associated with the insertion 

+ +of Li  ions. Li  extraction at 0.38 V, 0.56 V, and 
+ Li insertion at 0.16 V are all shown for Si-0.6 

CV in Figure 4c. The cyclic voltammetry of Si-
+ 0.7 (Figure 4d), which displays Li extraction at 

+0.38 V and 0.59 V and Li  insertion at 0.17 V, 
demonstrates similar results. The cathodic 
peak below 0.3 V, which is supported by the 
huge anodic peak in the CV curve, points to a 
single mechanism that converts nano-Si into 
amorphous Li Si (x = 3.75). However, the x

electrochemical procedure for producing 
Li Si at room temperature is not very 3.75

+advanced. Regarding the extraction of Li  from 
nano-Si, it is clear that Si-0.6 has the lowest 
value, demonstrating its superiority to Si-0.5 
and Si-0.7. Si-0.6 has pores that are larger 
than those of Si-0.5 and smaller than those of 
Si-0.7, which accounts for the disparity. Si-0.7, 
which has the smallest pore size in comparison 

+to Si-0.5 and Si-0.6, demonstrates greater Li  
extraction as a result (Sudarman et al., 2023). 
            Figure 4e shows how well nano-Si 
electrode cycled over 200 times. During the 
first cycle, Si-0.5, Si-0.6, and Si-0.7 exhibit 
capacities of 1575, 1757, and 1525 mAh/g, 
respectively. Notably, Si-0.6 is more capacious 
than Si-0.5 and Si-0.7, although Si-0.7 has less 
capacity than the other two (Sudarman et al., 
2023). 

558



Fig. 4 The cycling performance of a nano-
silicon electrode over 200 cycles using the 
cyclic voltammetry (CV) of Si-0.5, Si-0.6, 
and Si-0.7 (Sudarman et al., 2023) 
          This finding emphasises how important 

+pore size is for Li  extraction and capacity. The 
increased capacity of Si-0.6 is a result of its 
bigger pore size, whereas Si-0.7 has the 
lowest capacity due to its smaller pore size. As 
a result, the pore size has a significant impact 
on lithium-ion battery capacity, favouring larger 
pore sizes for greater performance. The 
considerable volume changes that take place 

+throughout the Li  extraction and insertion 
cycles make Si employment as a LIB anode 
material challenging. Electrode cracking and 
capacity loss are frequent consequences of 
these volume fluctuations. Since Si NPs are 
naturally resistant to fractures, they are 
employed to reduce cracking. In addition to 
improving fracture resistance, the nanoscale 

+structure capacity to accept strain from Li  
extraction and insertion through plastic 
deformation lowers stresses during volume 
changes. Therefore, this study focuses on 
producing porous nanostructured Si in addition 
to employing Si with nanoparticle-sized Si. 
Due to the increased capacity that 
nanostructured Si offers compared to other 
anode materials, this strategy is essential. 
With a possibility for further improvement, the 

discharge capacity of 1757 mAh/g over 200 
cycles demonstrates the exceptional 
performance of nanostructured Si as a LIB 
anode, outperforming commercial batteries, 
graphite, and graphene (Sudarman et al., 
2023)  
          Thus the improved lithium-ion battery 
performance was made possible by novel 
synthesis techniques for advanced anode 
materials, including PANI-SiO @rGO 2

n a n o c o m p o s i t e s ,  s c a l a b l e  s i l i c o n  
nanoparticles from rice husk, nano-silica by 
hydrothermal processing, and AC@nc-
Si@AC nanocomposites. These methods 
provide increased stability, conductivity, and 
capacity, indicating a viable route to the 
creation of practical and affordable LIB 
devices.

Acknowledgements:  

            The authors are thankful to the 
Department of Botany and Physics, Raje 
Ramrao College, Jath and Department of 
Medical Physics, Centre for Interdisciplinary, 
Research, D. Y. Patil Education Society 
(Deemed to Be University), Kolhapur. 

References:

Adam, F. Appaturi, J. N. and Iqbal, A. (2012) 
Catal. Today. 190:2. 

Autthawong, T. Chimupala, Y Haruta, M. 
Kurata,  H Kiyomura,  T.  Yu,  A.  
Chairuangsri, T and Sarakonsri, T. (2020) 
RSC Adv. 10:43811.

Banerjee, H. D. Sen. S. and Acharya, H. N. 
(1982) Mater. Sci. Eng. 52:173. 

Boukamp, B. A. (1981) J. Electrochem. Soc. 
128:725. 

Carmona, V. B. Oliveira, R. M. Silva, M. W. T. 
Mattoso, L. H. C and Marconcini, J. M. 
(2013) Ind. Crops Prod. 43:291.

Chandrasekhar, S. Satyanarayana, K. G. 
Pramada, P. N. Raghavan, P and Gupta, 
T. N. (2003) J. Mater. Sci. 38:3159. 

Charlton, Hatchard, M. T. D. and Obrovac, M. 
N. (2020) J. Electrochem. Soc.  
167:80501. 

559



Chen, Y. (2019) IOP Conf. Ser. Mater. Sci. Eng. 
677:022115.

Daulay, A. Andriavani and Marpongahtun, 
Gea, S. (2022)  6:100256.

Duan, F. Chyang, C-S. Lin C-W. and Tso, J. 
(2013) Bioresour. Technol. 134:204.

Entwistle, J. Rennie, A. and Patwardhan, S. 
(2018) J. Mater. Chem. A. 6:18344. 

 Fang, M. Yang, L. Chen, G. Shi, Z. Luo, Z. and 
Cen, K. (2004) Fuel Process. Technol. 
85:1273. 

Jung, D. Ryou, M. Sung, Y. Park, S and Choi, 
(2013) J Proc. Natl. Acad. Sci. U. S. A. 
110:12229. 

Kalapathy, U. Proctor, A. and J. Shultz, J. 
(2002) Bioresour. Technol. 85:285. 

Kamenidou, S. Cavins, T. J. and Marek, S. 
(2010) Sci. Hortic. 123:390. 

Kasavajjula, U. Wang, C and Appleby, A. J. 
(2007) J. Power Sources 163:1003. 

Le, V. H. Thuc, C. N. H and Thuc, H. H. (2013) 
Nanoscale Res. Lett. 8:58. 

Lee, J. K. Smith, K. B. Hayner, C. M. and Kung, 
H. H. (2010) Chem. Commun. 46:2025. 

Liao, Y. Liang, K Ren, Y. and Huang, X. (2020) 
Front. Chem. 8:96.

Liou, T-H. (2004) Mater. Sci. Eng., A, 364:313. 
Liu, C. Li, C. Ahmed, K. Wang, W. Lee, I. Zaera, 

F Ozkan, C. S. and Ozkan, M. (2006) RSC 
Adv. 6:81712.

Liu, N. Huo, K. McDowell, M. Zhao, J and Cui, 
Y. (2013) Sci. Rep. 3:1919. 

Magasinski, A. Dixon, P. Hertzberg, B. Kvit, A. 

Ayala, J. and Yushin, G. (2010) Nat. 
Mater. 9:353. 

Ratsameetammajak, N. Autthawong, T, 
Chairuangsri, T. Kurata, H. Yu, A-S. and 
Sarakonsri, T. (2022) RSC Adv. 12:14621.

Rodr´ıguez de Sensale, G. (2006) Cem. 
Concr. Compos. 28:158. 

Salah, M.  Murphy, P Hall, C. Francis, C. Kerr, 
R. and Fabretto, (2019) M. J. Power 
Sources. 414:48.

Schroder, K. Alvarado, K. J.  J Yersak, J. T. A. 
Li, T. A. J.  Dudney, N Webb, L. J. Meng, Y. 
S.  and Stevenson, K. J.  (2015) Chem. 
Mater. 27:5531. 

Sekar, S. Ahmed, A. T. A. A, Inamdar, A. I. Lee, 
Y. Im, H, Kim, D. Y. and Lee, S (2019) 
Nanomaterials. 9:1055.

Sudarman, S. Andriayani, and Tamrin, Taufik, 
M. (2023) Materials Science for Energy 
Technologies. 1:8

Sun, L and Gong, K (2001) Ind. Eng. Chem. 
Res. 40:5861. 

Sun, Z. Song, X. Zhang, P. and Gao, L. (2014) 
RSC Adv. 4 : 20814. 

Sun, Z. Tao, S. Song, X. Zhang, and P. Gao, L. 
(2015) J. Electrochem. Soc. 162:A1530. 

Wong, D. P. Suriyaprabha, R. Yuvakumar, R. 
Rajendran, V. Chen, Y-T. Hwang, B-J. 
Chen, L-C. and Chen, K-H. (2014) J. 
Mater. Chem. A, 2:13437.

Xing, A. Tian, S. Tang, H. Losic, D and Bao, Z 
(2013) RSC Adv. 3:10145. 

Yalcin, N. and Sevinc, V. (2001) Ceram. Int. 
27:219. 

560

View publication stats

https://www.researchgate.net/publication/385273551


ABSTRACT

 Hydrophilic surfaces, which have an affinity for water molecules, are 
those that prefer water. Water molecules are attracted to hydrophobic surfaces 
because they reject water molecules. Surfaces that are particularly water-
repellent are known as superhydrophobic surfaces. Because of their great 
surface roughness and low surface energy, superhydrophobic surfaces allow 
water droplets to easily bead up and slide off. During the present investigation, 
beautiful materials found in nature have been explored to examine their water-
loving, water-hating, and superhydrophobic characteristics. Aloe vera, rose 
petals, gerbera blossoms, Aloe barbadensis, miller leaves, and anthurium 
flowers are some of the botanical blooms that have been included for present 
study. All naturally occurring substances possess a reduced surface tension. 
Water has lower surface tension than most other naturally occurring substances. 
It was observed that the contact angles of the water droplets on the rose petals 
altered at three different time points: 120 minutes, 240 minutes, and 360 
minutes.

Keywords: Anthurium, Aloe Vera, Colocasia, Gerbera Flower, Rose Petal

Introduction:

 Many natural surfaces exhibit 
characteristics of water affinity, water aversion, 
and water repellency (Darmanin, and Guittard, 
2014; Darmanin, et. al., 2013) Nature has 
produced insects, animals, and plants for 
millennia. The Cassie-Baxter and Wenzel 
models explain how the topography and shape 
of surfaces greatly influence their water-hating 
characteristics (Wenzel, 1936; Cassie and 
Baxter, (1944). The existence of microscopic 
hairs on leaves is thought to be responsible for 
their superhydrophobic qualities, which have 
been documented in the literature. Vertical 
hairs are found on lady's mantle (Brewer and 
Willis, 2008) while horizontal hairs are being 

observed on poplar leaves and ragwort (Gua 
et. al., 2005; Ye, et. al. 2011). Animals with 
water-repellent qualities include geckos, 
butterflies, and water-walking arthropods. 
Animals and birds, like cicada, translucent 
butterfly wings, water-walking arthropods, and 
gecko foot, have some of the most well-known 
naturally water-repellent surfaces in the 
universe. Cactus spines, the skin of the filefish 
Navodon septentrionlis, shark skin (Cai, et al., 
2014), leafhoppers (Rakitov and Gorb, 2013), 
and springtail surfaces all exhibit underwater 
superhydrophobic qualities (Nickerl, et. al., 
2013 It is crucial for water repellence qualities 
to remain stable even after pressure that 
accounts for the dual action of rainfall 
(Nosonovsky and Bhushan, 2008).
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Super hydrophobicity:
Young's State: The Young equation relates 
the three surface tensions of liquid-vapor, 
solid-vapor, and liquid-solid and predicts the 
contact angle between a liquid droplet and a 
solid surface. This prediction holds true 
independent of the surface chemistry 
(Young,1805). The Young equation explains 
the liquid's contact angle with a perfectly 
smooth, chemically homogeneous solid 
surface as shown in Figure 1a and explained in 

Where the Young's contact angle (θ) is and r is 
the roughness ratio. The ratio of the 
anticipated surface area to the actual surface 
area is known as the roughness parameter, or 
r. When a surface is completely smooth, r = 1, 
and when a surface is rough, r > 1. The 
Wenzel state states that for materials having a 
contact angle larger than 90° (intrinsically 
water-hating materials), wetting is minimized 
by roughness.

Figure 1: The wetting behaviour of a liquid 
droplet on a rough solid surface under 
three different states: a) Young's state, b) 
Wenzel's state, and c) Cassie-Baxter state.

Cassie- Baxter's State: 
            The heterogeneous state or composite 
state are other names for the Cassie-Baxter 
state. The Cassie-Baxter condition of wetting 
is seen in Figure 1c, where the grooves 
beneath the droplet are filled with vapour 
rather than liquid (Cassie, and Baxter, 1944). 
The most crucial characteristic of a coating 
designed to repel water is robustness. Even 
after being released, the substance retains its 
high-pressure qualities. The rise in the solid-
vapor barrier at low H makes the Cassie-
Baxter state a good predictor of water-
repellence qualities. It also has anti-icing (heat 
transfer), anti-corrosion (batteries, water 
desalination, and ion penetration), and anti-
corrosion (ion penetration) capabilities. In spite 
of a rise in surface roughness, the material's 
inherent characteristics get better. There are 
two phases that make up the liquid surface 
interface: the liquid-vapor interface and the 
liquid-solid interface.

the following equation.
              Where γ , γ  and γ represent the lv sv sl 

surface tensions at the interfaces between 
solids and liquids, respectively. A contact angle 
(θ) is created when a single drop of fluid (oil or 
water) is deposited on a solid surface. The 
Young equation only holds true for smooth 
surfaces; hence it cannot be used to describe 
textured surfaces. A liquid contact angle (θ) 
with a rough surface will be different from that 
of a liquid with a smooth surface since wetting 
surfaces are chemically diverse, they are more 
complicated and rougher. The effect of surface 
roughness on contact angle can be studied in 
two modes or states. 

Wenzel's State: Figure 2b illustrates the 
contact angle model that created by Wenzel 
for rough surfaces, which allows liquid to 
completely permeate into the rough grooves 
(Wenzel, 1936). Due to the increase in the 
solid-liquid interface in the rough grooves, air 
bubbles may become trapped there, but only if 
the height of the asperities (H) is high enough. 
In this instance, a liquid droplet (oil or water) is 
present on a composite surface, and the 
Cassie-Baxter model is used to characterise 
the wetting nature as:



           The contributions of the various phases 
are combined to generate the apparent 
contact angle, where w is the apparent 
contact angle and 1 and 2 are the surface 
fractions of phases 1 and 2, respectively.  
Phase 1 and Phase 2's respective contact 
angles are 1 and 2, respectively. The solid 
fraction, symbolised by the Greek letter, refers 
to the area of a solid surface that has been 
moistened by a liquid when one of the 
surfaces is the air-liquid interface. (1-φ) 
represents the air fraction. Because it 
included the air component, in the 
denominator, the original equation was 
wrong. The air percentage should be in the 
numerator since it represents the portion of 
the surface that is not moistened by liquid.

in water and have a great attraction for it. 
Water-loving is the opposite of water-repelling. 
There are numerous uses for surfaces that 
attract or repel water. Figure 2a illustrates 
water-loving compounds that can corrode 
metal surfaces and alloys. Polar molecules are 
also described as molecules that love water. 
Because it can form hydrogen bonds and is 
frequently polar, a molecule's water-loving 
component can dissolve in water more quickly 
than its oil- or other water-hating solvent-loving 
counterpart. It may appear as though water 
molecules in the air are drawn to substances 
that love water. In settings with considerable 
condensation and for shielding exchangers 
from water's corrosive effects, hydrophilic 
coatings are very useful. Additionally, 
hydrophilic coatings do exceptionally well at 
keeping out water in hot and salty situations.

Hydrophobic Nature:  
� Figure 2b illustrates how the words 
"water-hating" and "hating water" have Greek 
roots that imply "phobia" and "hydrophobia," 
respectively. Scientists refer to nonpolar 
substances as being "hydrophobic" because 
they do not combine with water molecules. 
Examine that definition in more detail. Since its 
atoms carry a partial charge, hydro is a polar 
molecule. The most electronegative atom is 
oxygen, whose core electrons in each bond 
are extremely close to one another. Any 
charged substance will interact with hydro 
molecules to dissolve, whether it has a positive 
or negative charge. In essence, molecules that 
dislike water are non-polar, which means they 
don't have a net charge. These molecules lack 
any connections between charges that would 
enable them to interact with hydro while not 
having any charges. Water Hating substances 
frequently insoluble in water or any other 
solution with a predominately watery 
environment. In many areas of biology, 
including the structure of animals, cellular 
function, and molecular interactions, the traits 
of being water-hating or non-polar are crucial.

          When the surface reaches unity (1), the 
liquid droplet will expand out to cover the 
entire area. The liquid droplet will not even 
come close to the surface when surface = 0. 
For a flat surface, the solid fraction varies from 
0 to 1. In this condition, the droplet can readily 
roll over the solid surface due to the narrow 
contact area between them.   
Contact angle: When a surface is 
superhydrophobic, it displays high water 
contact angle (WCA > 150°) and low water 
contact angle hysteresis (CSH 10°). This 
surface is not only self-cleaning, but also 
water-repellent (Su, et al., 2010; Bhushan, and 
Her, 2010; Bormashenko, et. al., 2006) 
Contact angle hysteresis (CHA) is the 
distinction between advancing and receding 
contact angles (Ferrari and Ravera, 2010; 
Nosonovsky, and Bhushan, 2008). When 
water droplets form on a superhydrophobic 
surface, they take on a nearly spherical shape 
and readily move when subjected to low tilting 
angles.

Hydrophilic Nature:
           Hydrophilic compounds readily dissolve 

563



Figure 2:  three different surface types: a) 
hydrophilic, b) hydrophobic, and 3) 
superhydrophobic.

Water Repellence:
           Super-hydrophobic surfaces are very 
water-repellent, making it very difficult to wet 
them. On a superhydrophobic surface, a water 
droplet's contact angle is greater than 150°, 
and the difference between its advancing and 
receding contact angles is less than 10°. A 
droplet can entirely bounce after colliding with 
a superhydrophobic surface, much like an 
elastic sphere. This is also referred to as the 
lotus effect, after the self-cleaning properties of 
the leaves of the lotus plant.

Experimental Details and Results:
Rosaceae Petals:

          Rosaceae and the genus Rosa contain 
the most well-known flower in all of nature. The 
petals of Rose (Rosa damascene) of the family 
Rosaceae, are amphiphilic, meaning they 
have both a love of and a dislike of water. Even 
with the petal turned upside down, a water 
droplet that is small enough will slide off. High 
sticky forces are incompatible with water 
repellence. Chinese researchers have 
established that rose petals and water have an 
unusual bond that is not shared by other 

Figure 3: Images of Rosaceae petals at 
different times, illustrating their 
water-hating and water-repellence 
properties.

plants. The micro-nanoscale topography of a 
rose petal comprises hills and valleys. The 
large valleys allow a small amount of water to 
soak in, creating a sticky surface on which 
smaller droplets can condense and stick to the 
petal. Since the surface of the rose petals is 
amphiphilic, it has both water-loving and 
water-hating characteristics. While the water-
hating portions of the petals vigorously oppose 
water, the water-loving sections have a great 
attraction for it. The irregular topography of 
small valleys. Rose petals' micro-papillae 
produce two reactions in response to water. 
Larger droplets are repelled by the micro-
papillae and tiny valleys. Water-hating and 
water-repellence are two characteristics 
displayed by rose petals. Following a few 
minutes, after 120 minutes, after 240 minutes, 
and after 360 minutes, it was noted that the 
contact angles altered during the course of the 
current investigation. 

Asteraceae Flower:

Figure 4: Images of Gerbera petals at ?
different times, illustrating their 
water-loving, water-hating, and 
water-repellent properties.
 The Asteraceae family's Gerbera 
flower is well-known. The gerbera flower is 
three-lobed, strap-shaped, and the individual 
flowers are found in the heads (Barthlott, and 
Neinhuis, 1997). Its aversion to water is one of 
its most significant characteristics. The micro-
nanoscale surface area of gerbera flowers 
gives them the ability to both love and hate 
water. In the current investigation, it has been 
shown that the contact angles change over the 
first few minutes, following 120, 240 and 360 
minutes. 
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Figure 6: Images of Colocasia (Araceae) 
leaves at different times, illustrating their 
water-loving and water-repellence 
properties.

Figure 7 Images of the Anthurium flower 
(Araceae) are shows water loving and 
water hating properties at different time. 

Colocasia:

 The elephant ears, often referred to as 
Colocasia, are the most well-known leaves in 
the world. Elephant ears belong to the Araceae 
family and the Colocasia genus. Colocasia 
leaves exhibit water-loving, water-hating, and 
water-repellent surface characteristics. In 
current investigation, it was found that the 
contact angles altered after a few minutes, 
after 120 minutes, and after 240 and 360 
minutes. 

Anthurium:
          The genus Anthurium includes perennial 
evergreen plants that are part of the Araceae 
family. Anthurium plants have subterranean 
rhizomes and adventitious roots. Anthurium 
plants create a long-lasting, vivid spathe that 
comes in a variety of colours, including cream, 
pink, red, light red, white, dark red, green, 
lavender, and salmon pink. Most of the time, it 
is planted as a crop for cut flowers because of 
its spadix, which is prized for its colorful, long-
lasting spathe. Anthurium plants are famous 
for their variety of colors, massive effect, and 
elegance. 
          The surface characteristics of Anthurium 
flowers in this study demonstrated both water-
loving and water-repelling characteristics. The 
contact angles were seen to fluctuate 
throughout the course of the investigation at 
the following intervals: i.e., after 120, 240, and 
360 minutes.

Aloe barbadensis:
 Aloe vera belongs to the family 
Asphodelaceae and genus Aloe. Aloe 
barbadensis leaves have microstructures with 
tiny height and high pitch values, which change 
the contact angle between a surface and a 
water droplet (Bhushan and Her, 2010).  The 
wetting state may be reached if water 
impregnates between microstructures 
(Bormashenko, et al., 2006). The hydrophobic 
liquid's contact area with the surface is less 
than in the Wenzel state but greater than in the 
intermediate wetting state. Aloe barbadensis 
leaves are water-loving due to their wide 
surface area. Aloe barbadensis leaves exhibit 
all three water-loving, water-hating, and water-
repellency properties. The contact angles 
were seen to fluctuate throughout the course of 
the investigation after a few, 120, 240 and 360 
minutes.

Figure 8: Asphodelaceae that simultaneously 
display their water-loving characteristics. 
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              During present investigation, the 
water-loving, water-hating, and water-
repellency qualities in Nature's exquisite 
materials were investigated. The rose petals 
were water-hating and water-repellent in 
nature. High adhesive forces were not always 
associated with water repellence. The petals of 
a red rose had curious relationship with water, 
but not for other liquids. Rose petals have a 
water-loving surface that strongly attracts 
water while water-hating surfaces strongly 
repel water. Rose petals had water-hating and 
water-repellent characteristics, but the latter is 
the more significant one. A surface's ability to 
self-clean entails that it can eliminate dirt and 
debris by dispersing water droplets. The 
leaves of Colocasia leaves had characteristics 
that attract, resist and love water. Aloe Vera 
leaf surface area demonstrated its affinity for 
water. Water-loving, water-hating, and water-
repellent qualities were found to be present in 
every flower, petal and leaf. It has been shown 
that the contact angles change over the first 
few minutes, the following 120, 240 and 360 
minutes.
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ABSTRACT

 This review focuses on utilisation of Oryza sativa Husk as a source for 
silicon nanoparticles (Si NPs) that are created via magnesiothermic reduction 
and used in composite anodes for lithium-ion batteries (LIBs). The production of 
silicon nanoparticles (Si NPs) has been explained and, their electrochemical 
characteristics, and possibility for activated carbon-decorated silicon 
nanocrystals (AC@nc-Si@AC) to serve as high-capacity anode materials have 
been discussed. The study emphasises cost-effective, synthesis techniques for 
creating environmentally acceptable energy storage technologies with the use 
of biomass.

Introduction:

 The majority of people in the world 
consume rice (Oryza sativa) regularly. To fulfil 
the demands of the expanding population, it is 
crucial to cultivate Oryza sativa sustainably. In 
recent years, the world has consumed about 
470 million metric tons of Oryza sativa (Wong, 
et. al., 2014). Millions of tonnes of Oryza sativa 
husk is produced during the manufacturing of 
rice. Although Oryza sativa husk can be 
utilised to make fuel, fertiliser, and building 
materials, it is frequently considered a waste 
product (Rodr´ıguez de Sensale, 2006; 
Kamenidou et. al., 2010; Duan et. al., 2013; 
Fang et. al, 2004). Even though Oryza sativa 
husk decomposes naturally, the readily 
available quantity may convert it as a resource 
for novel technologies for the benefit of 
mankind.  
           Oryza sativa husk contains a high 
proportion of Silicon dioxide (SiO ), Depending 2

on the type of soil used to cultivate Oryza 
sativa, the SiO content in its husk ranges from 2 

10 to 20 %   (Chandrasekhar et. al., 2003). The 
Oryza sativa husk can be pre-treated with 
various acids before being pyrolyzed to 
recover SiO from it (Yalcin and Sevinc, 2001; 2 

Kalapathy, et. al., 2002; Liou, 2004; Adam, et. 

al, 2012). The characteristics of silicon dioxide 
recovered from husk vary with the source or 
raw material. Even the amount of SiO differs 2 

across Oryza sativa husks from different 
geographical areas. This may have an impact 
on the SiO extraction characteristics, including 2 

purity, particle size, and shape (Carmona, et. 
al., 2013; Le, et. al., 2013). The SiO obtained 2 

from the Oryza sativa has a nanoscale shape. 
SiO  can be converted into silicon (Si) by 2

employing magnesiothermic reduction 
method, wherein magnesium (Mg)powder and  

SiO are heated in a furnace until they react. 2 

Pure Si is left behind when the SiO and 2 

magnesium react with the oxygen to generate 
magnesium oxide (MgO) (Banerjee et. al., 
1982). In this way, SiO  can be converted to Si 2

in its original shape via magnesiothermic 
reduction method. Since the reaction is carried 

0out at a temperature of 600 C the silicon 
nanoparticles (Si NPs) can be subjected to 
sintering into a bulk substance. During 
sintering, the particles come together to create 
a solid mass. It takes less time for the particles 
to sinter together when the reaction is carried 
out at a low temperature, resulting in smaller, 
more homogeneous Si NPs. Thus it is possible 
to use silicon dioxide nanoparticles (SiO  NPs) 2

as a raw material to create Si NPs. This might 
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result in the creation of innovative and effective 
processes for Si NPs synthesis (Sun and 
Gong, 2001).  This process enables the 
possibility of using low-cost Si NPs in lithium-
ion battery systems. This might result in the 
creation of lithium-ion batteries (LIBs) that are 
more cost-effective and environmentally 
friendly (Xing, et. al, 2013; Liu, et. al., 2013; 
Junget. et. al., 2013). 
                In upcoming LIBs, Si NPs will be a 
potential anode material. This is due to 
enormous capacity of Si to store a large 
amount of energy (Kasavajjula et. al., 2007). 
Furthermore, Si NPs have a large surface 
area, which increases their reactivity with 
lithium ions. This may result in quicker 
charging and discharging times as well as 
increased battery performance. Theoretically, 
Si is the alloying material that can react with 
lithium ions. The capacity of producing 4200 
mAh/g during this reaction, at room 
temperature, is 10-12 times larger than the 
specific capacity of conventional graphite 
based anodes. LIBs, made with the help of Si-
based materials have an issue with volume 
expansion during the charge-discharge cycle. 
This is due to the many alloy formation stages 
that Si goes through during the charge-
discharge cycle, which causes it to expand and 
contract. The Si anode may break as a result of 
this growth in the volume, which could affect 
the battery performance and lifespan 
(Boukamp, 1981). A similar issue that can be 
experienced with Si-based materials is their 
inherently low conductivity. This indicates that 
Si is a poor conductor of electricity, which may 
reduce the battery capacity (Lee, et al., 2010; 
Magasinski, et. al., 2010). In addition to its low 
working voltage, abundance on Earth, and low 
toxicity, Si has several further advantages as 
an anode material for LIBs (Entwistle, et. al., 
2018).
 Lithium ions are injected into the 
material in a process known as intercalation 
that produces lithiation in conventional 
electrode materials. The intercalation method 
results in very few structural changes and with 
high retention capacity. On the other hand, Si 
and lithium combine to form an alloy that 
requires periodic cycles of contravention and 
re-establishing chemical connections with the 

host structure. Low conductivity and the 
possibility of volume increase are the main 
drawbacks of adopting Si as an anode material 
for LIBs. The Si can swell by as much as 280% 
when a lot of lithium ions are injected into it. 
The Si anode may fracture and break as a 
result of the volume increase, which could 
result in a decrease in battery performance 
and life. The composite electrode may sustain 
structural degradation due to the dimensions 
increase of Si during cycling, which isolates the 
active component and reduces capacity. This 
poses a significant obstacle to the creation of 
Si anodes with large capacities and long cycle 
lives (Entwistle, et. al., 2018).
           The synthesis of SiO  and Si materials 2

for LIBs from the husk of Oryza sativa, using 
v a r i o u s  e x t r a c t i o n  m e t h o d s  a n d  
magnesiothermic reduction, have been 
discussed in this communication. 

Synthesis:
           Ratsameetammajak et al. (2022) 
described the process of preparing silica from 
the husk of Oryza sativa (rice). Rice husks are 
taken from farms and washed in water. They 

oare then completely dried at 100 C. To get rid 
of any metallic impurities, rice husks are 
soaked in an aqueous solution of hydrochloric 
acid (HCl) overnight. In order to achieve the pH 
value of pH of 7, rice husks are thoroughly 
rinsed in water. Then the rice husks are dried at 
100 °C, and subsequently burnt in a muffle 
furnace at 700 °C for two hours. The burning 
process is repeated once again to ensure the 
perfect removal of organic matter and the 
creation of rice husk ash, an ample source of 
silica. Where the silica comes from. Below is a 
summary of the process used to create 
reduced graphene oxide (rGO): An adaptation 
of the Hummers process is used to create 
graphite oxide (GO) from graphite powder. In a 
non-reactive atmosphere for 5 hours, reduce 
the GO in a tube furnace at 800 °C 
(Autthawong et. al., 2020)              
 The process of creating the composite 
material made of SiO @rGO with a proportion 2

of 30:70 can be summed up as follows: 
Prepare recently generated SiO  by 2

precipitating it for 2 hours at 120 °C in a NaOH 
solution. In the suspension, distribute rGO by 



utilising a hydrochloric acid solution. 
       Graphene oxide (GO) is a unique material 
that can be viewed as a single monomolecular 
layer of graphite with various oxygen-
containing functionalities such as epoxide, 
carbonyl, carboxyl, and hydroxyl groups. 
Reduced graphene oxide (RGO) is the form of 
GO that is processed by chemical, thermal and 
other methods to reduce the oxygen content. 
As graphite oxide is a material produced by 
oxidation of graphite, it leads to increased 
interlayer spacing and functionalization of the 
basal planes of graphite.
             Raise the pH of the mixture to 7. Keep 
aside overnight at room temperature, and then 
stir the mixture.  Rinse the mixture with 
deionized (DI) H O and ethyl alcohol 2

(CH CH OH) and then centrifug. Dry the 3 2

sample thus obtained in a hot air oven at 60 °C 
as described by Ratsameetammajak et. al., 
(2022). 
          The creation of the composite material 
(SiO @rGO and Polyaniline) including SiO / 2 2 

rGO and Polyaniline (PANI) can be summed 
up as follows: In a mixture of 10 mL ethanol, 5 
ml deionized water, and 5 ml H SO , make a 2 4

suspension of SiO @rGO. To produce a 2

consistent  d ispersion,  sonicate the 
suspension. While agitating ferociously in an 
ice bath, dropwise add the aniline monomer to 
the solution. Stir the solution for 6 hours in an 
ice bath while adding Ammonium Persulfate 
((NH ) S O ). When polymerization takes place 4 2 2 8

leading to the formation of polyaniline 
emeraldine salt, the solution will turn dark 
green. To achieve a clear solution, repeatedly 
wash the suspension in H O and CH CH OH.2 3 2

            The electrochemical behaviour of the 
PANI-SiO @rGO composite was further 2

studied in a coin-type cell utilising lithium foil as 

the reference and counter electrodes. A 
composite anode made of SiO  and rGO was 2

used in parallel tests to compare the results. 
The initial three lithiation-delithiation curves of 
the SiO @rGO and PANI-SiO @rGO 2 2

electrodes at a potential range of 0.01-3.00 V 
+ -1(vs. Li/Li ) at a current density of 0.4 A g  are 

shown in Figures 1b and 1c, respectively. 
            The SiO @rGO composite electrode's 2

initial lithiation and delithiation specific 
capacities were 1012 and 300 mAh/g, 
respectively, however, it had a poor coulombic 
efficiency (CE) of 29.6%. The PANI-
SiO @rGO composite electrode initial 2

lithiation/delithiation specific capacities, on the 
other hand, were 1508 and 647 mAh/g, 
respectively, with a CE of 42.9%. The 
reduction of silica in SiO @rGO and PANI-2

SiO @rGO composites, results in lithium loss, 2

causing initial low CE. The potential gradient 
plateaus on both electrodes, which range from 
1.5 to 0.5 V, clearly show the formation of a 
solid electrolyte interphase (SEI) layer 
(Ratsameetammajak et. al., 2022). 
               The existence of stable plateaus 
during early cycles is an evidence of this 
reaction (Figure 1d). The subsequent cycles 
show that the SEI layer is only formed in the 
initial cycle, as the slopes gradually become 
sharper and the hills gradually get smaller. The 
charge voltage profiles become noticeably 
steeper rather than staying flat at potentials 
higher than 1.5 V. This invention can be 
attributed to solvent degradation processes 
occurring on the oxide electrode surface, 
w h i c h  p r o d u c e d  t h e  S E I  c o a t i n g  
(Ratsameetammajak et. al., 2022). 
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Figure 1(a-f) (a) the synthetic pathway for 
the preparation of the PANI-SiO @rGO 2

composite, lithiation-delithiation profiles 
for the composites PANI-SiO @rGO and 2

-1SiO @rGO measured at 400 mA g  in 2

current density (b) and (c), during the first 
three cycles, cyclic voltammograms (CV) of 
the PANI-SiO @rGO electrode were 2

-1recorded at a scan rate of 0.1 mV s  and are 
displayed in (d), SiO @rGO and PANI-2

SiO @rGO composites long-term cycling 2

stability and Coulombic efficiency 
-1comparison at 400 mA g  are depicted in 

(e). SiO @rGO and PANI-SiO @rGO 2 2

composites rate performance evaluation is 
depicted in (f).
            During the initial cycle of delithiation 
and lithiation, a layer on the surface of anode 
known as the SEI film develops. It is produced 
by the interaction of the electrode material and 
the electrolyte at the solid-liquid interface. It is 
thought that the partial breakdown of the SEI 
coating was mostly due to the initial poor CE. 
The initial coulombic efficiency of PANI-
SiO @rGO electrode is greater than that of 2

SiO @rGO composite electrode. This is 2

because the PANI covering shell prevents the 
electrolyte at SiO @rGO surface from 2

decomposing.  
              Figure 1e compares the long-term 
cycling stability of SiO @rGO nanocomposite 2

(NC) electrode with the PANI-SiO @rGO 2

composite electrode. The PANI-SiO2@rGO 
NC anode has outstanding long-term cycling 

-1performance at 0.4 A g  and maintains a high 
reversible capacity of 680 mAh/g after 400 
cycles, which is about twice as much capacity 
as standard graphite anodes. In comparison, 
after 215 cycles, SiO @rGO NC electrode can 2

only discharge 414 mAh/g. This shows that 
only mild pulverisation of SiO  in the PANI-2

SiO @rGO NC occurred. The PANI coating 2

efficiently slows down electrolyte degradation 
on the surface of SiO  and serves as a flexible 2

protective layer to absorb SiO  volumetric 2

changes.
            The results presented above make it 
clear that the PANI shell outstanding 
mechanical qualities may prevent SiO2 

nanoparticle volumetric alterations. This 
capability guarantees that the working 
electrode structural integrity is maintained 
throughout discharge and charge cycles, 
greatly enhancing the electrode sustained 
stability over time.
            The rate performance of PANI-
SiO @rGO and SiO @rGO NC electrodes was 2 2

evaluated at different current densities ranging 
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-1from 0.1 to 2.0 A g , as shown in Figure 1f. At 
the corresponding current densities of 0.1 to 2 

-1A g , the PANI-SiO @rGO NC electrode 2

displayed discharge capacities ranging from 
-1563.6 to 217.1 mAh/g. After cycling at 2 A g , 

the electrode maintained a discharge capacity 
-1of 539.4 mAh/g when cycled back to 0.1 A g , 

illustrating its excellent rate performance. 
These results show that using PANI-
SiO @rGO NC is an effective way to improve 2

the electrochemical properties of SiO @rGO 2

(Ratsameetammajak et. al., 2022).  
               N-doped carbon coated       PANI-
SiO @rGO NC has superior lithium storage 2

capacity. Which can be attributed to their 
distinctive structure. SiO  nanoscale 2

properties shorten the lithium ion diffusion 
path, which enhances lithium-ion diffusion and 
electronic transport. however, the rate 
capability may suffer. The encircling rGO 
sheets on the SiO surface have generated a 2 

continuous conductive channel that connects 
the SiO  nanoparticles, considerably 2

improving the conductivity of PANI-SiO @rGO 2

NC electrode. SiO  pulverisation is avoided 2

because the PANI materials elasticity 
effectively adapts to the NC volume variations 
during the Li-alloying and dealloying 
operations (Ratsameetammajak et. al., 2022; 
(Liao, et. al. 2020; Charlton, et. al., 2020, 
Chen, 2019). In conclusion, PANI-SiO @rGO 2

NC had an improved initial CE of 42.9% and a 
high specific capacity of 680 mAh/g at 400 
mA/g after 215 cycles (Ratsameetammajak et. 
al., 2022). 

Synthesis of silicon nanoparticles:
 Daulay et al. (2022) heated Oryza 
sativa husk at 600°C for 5 hours to produce 
ash.  Thereafter the ash and NaOH were 
combined and stirred for three hours at 240 
rpm and 100°C. The mixture was filtered, and 
HCl was added until a pH reached 7.0, The 
precipitate was filtered out and residual 
solution was heated at 100°C for three hours 
again for precipitation, which was again 
removed by filtration. After several rounds of 
washing with distilled water and drying, SiO  2

was produced in the form of powder. It was 
then mixed with KBr with a ratio of 1:10, 

deionized water was added, and stirring was 
carried out for three hours. The combination 
was subjected to ultrasonication for six hours. 
The residue produced after ultrasonication 
was separated by decantation, and the filtrate 
was allowed to dry for 12 hours. The dry 
powder was mixed with Mg powder in various 
ratios (1:1.0, 1:1,5, 1:2.0). The next calcination 
procedure was undertaken at 800°C for 8 
hours. During the first purification stage, 150 
mL of deionized water and 15 mL of ethanol 
were added. After that, there was 3 hours of 
agitation. Centrifugation of the mixture was 
done for 30 minutes at a speed of 4000 rpm. 
After being regularly cleaned with deionized 
water, it was dried for six hours at 80 °C. The 
second stage involved addition of 150 ml, 5 N 
HCl and a 12-hour rest period. The sample was 
dried at 80 °C for 6 hours, washed with 
deionized water, and then centrifuged once 
again for 30 minutes at 4000 rpm. Then 150 mL 
of 10% hydrogen fluoride (HF) was added as 
the last stage, and the mixture was allowed to 
settle for 15 minutes. The mixture was first 
dried, followed by several washes in deionized 
water, and a second drying step was six hours 
at 80 °C. Si-1, Si-1.5, and Si-2 thus produced 
were labelled. (Daulay, et. al., 2022).
                Figure 2b displays cyclic 
voltammetry profiles for Si NPs. The data 
demonstrated that as the ratio of SiO  and Mg 2

i n c r e a s e s  d u r i n g  r e d u c t i o n ,  t h e  
magnesiothermic reduction causes a higher 
reduction peak associated with the production 
of delithiation as well as oxidation peaks, 
associated with the lithiation to Si. Cyclic 
voltammetry (CV) was used to measure the 
activation process for Si-1, Si-1.5, and Si-2 
electrodes with a voltage range of 0.01 to 1 V 

+ -1(against Li /Li) and a scan rate of 0.2 mVs . 
The CV analysis of Si-1 (Figure 2c) revealed 
lithiation-related reduction peaks (0.16 V) as 
well as the delithiation-related oxidation peaks 
(0.31 V and 0.54 V). Figure 2d depicts the 
lithiation of Si-1.5 at 0.21 V and its delithiation 
at 0.37 V and 0.57 V. In Figure 2e, the lithiation 
(0.25 V) and delithiation (0.45 V and 0.61 V) 
peaks for Si-2 are displayed. These peak 
intensities increase during the cycles, 
suggesting that more lithium ions are possibly 
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moving between the electrode and electrolyte. 
This indicated gradual activation of 
substances. Compared to Si-1.5 and Si-2, Si-1 
showed less significant peaks in both lithiation 
and delithiation. More efficient transport of 
lithium ions from the cathode to the anode and 
vice versa is shown by smaller lithiation and 
delithiation peaks in CV (Daulay et. al., 2022).
            The rate capability study for the Si-1, 
Si-1.5, and Si-2 electrodes is shown in Figure 
2f. The first cycle is performed to ensure that Si 
is adequately activated, as shown by cyclic 
voltammetry, which aids in the creation of a 
stable solid electrolyte interphase (SEI) layer 
(Liu et. al., 2006).  Si-1, Si-1.5, and Si-2 
electrodes, respectively, had initial discharge 
capacities of 3416, 3037, and 2847 mAh/g. 
54.9, 85.4, and 85.6 % are the comparable 
Conformite Europeenne (CE). The silicon 
lithiation potential range (0.01 V to 0.50 V) is 
higher than the carbonate-based lowest 
unoccupied molecular orbital (LUMO) 
electrolyte. When a voltage is applied, Si is 
lithiated, resulting in the formation of an 
amorphous solid electrolyte interface (SEI). By 
reductively destroying the electrolyte, this SEI 
is created. The native oxide layer on the Si 
surface is damaged during the initial lithiation 
process, which causes an inner SEI 
predominantly made of lithium ethylene 
dicarbonate (LEDC) and Li SiO  to develop. x y

While the continuing discharge causes LiF to 
be produced, a significant amount of outer SEI 
is predominantly made up of LEDC. Within the 
def ined potent ial  range, these SEI 
components containing lithium remain stable. 
Because of this, the lithium that is used during 
delithiation cannot be completely recovered 
from the created SEI constituents, which 
results in permanent capacity loss and 
reduced coulombic efficiency during the initial 
cycle (Schroder, et. al., 2015). Si-1 improved 
electrochemical compatibility with Si and LiPF  6

electrolytes were highlighted by the slightly 
higher initial charge-discharge coulombic 
efficiency seen in Si-1 compared to Si-1.5 and 
Si-2.

           This suggests that the anodes have the 
following rate capabilities: Si-1 > Si-1.5 > Si-2. 
Examining these electrode typical charge-
discharge curves at particular rates lends 
credence to this claim. The electrode is more 
stable during discharge because the voltage 
hysteresis is reduced. The higher capacity of 
Si-1 electrode compared to Si-1.5 and Si-2 
anodes demonstrates superior adaptability of 
Si-1 and endurance as a protective shell for 
absorbing significant volume variations. As 
seen by Si-1 more stable behaviour, this 
improves cyclability. Because of their greater 
ability to transport electrons and ions more 
quickly, Si NPs operate more quickly than 
nonconductive binder (PAA). The better 
electrical conductivity and superior specific 
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capacities at high current densities of Si-1, as 
compared to Si-1.5 and Si-2, are evidence of 
its improved physical encapsulation of silicon.
           These variations imply that Si-1 
performs better in LIBs than Si-1.5 and Si-2, 
suggesting that Si-1 has an advantage over 
other materials as an anode material. In 
conclusion, using the magnesiothermic 
process and KBr as a scavenger, Si NPs were 
created from Oryza sativa husk. Three 
different Si NPs kinds were produced using 
this ecologically friendly method (Salah, et. al., 
2019).  As LIB anodes, all three varieties of Si 
NPs demonstrated excellent performance. Si-
1, Si-1.5, and Si-2 had specific capacities of 
3416, 3037, and 2847 mAh/g, respectively. Si-
1, Si-1.5, and Si-2 had lithiation potentials and 
delithiation potentials of 0.16, 0.21, and 0.25 V, 
respectively (Daulay et. al., 2022). 

Synthesis of activated carbon-decorated 
nanocrystals-silicon:
              Sekar et al. (2019) heated brown 
Oryza sativa Husks in an air atmosphere for 

0120 minutes at 500 C to collect the ash. After 
that, 1.0 g of ash and 0.2 g of magnesium (Mg) 
powder were mixed. This mixture was put in an 
alumina crucible and annealed for 120 minutes 

0at 700  C in an argon (Ar) environment. 
Magnesiothermic reduction took place 
throughout this procedure. The annealed 
mixtures underwent a 6-hour stirring 
procedure in 1 M hydrochloric acid (HCl) to 
isolate acicular nc-Si-enriched activated 
carbon nanocomposites and remove 
magnesium silicide (Mg Si) precipitates, 2

magnesium oxide (MgO) residues, and native 
silicon dioxide (SiO ) impurities. The next step 2

involved 1-hour reaction with 5% hydrofluoric 
acid (HF). The wet activated-carbon-
decorated silicon nanocrystal products were 
then collected from the resultant solution, 
filtered, and washed with deionized water 
before being dried under vacuum for 10 hours 

0at 80 C. The Brown Oryza sativa Husks was 
used to create the activated-carbon-decorated 
silicon nanocrystal nanocomposites utilising 
the magnesiothermic reduction technique 
(Figure 3a) (Sekar et. al., 2019).
              In addition, by integrating the benefits 

of both nanocrystals-silicon and activated 
carbon, the novel nanocomposite structure 
known as activated-carbon-decorated silicon 
nanocrystal, which consists of activated 
carbon embellished with nanostructured 
silicon (nc-Si), is predicted to enhance the 
electrochemical performance of LIBs. Building 
LIB anode combinations utilising nanocrystals-
silicon, activated carbon, and activated-
carbon-decorated silicon nanocrystal allowed 
researchers to test this idea by evaluating the 
electrochemical characteristics of materials. 
Initially, cyclic voltammetry (CV) profiles 
covering the voltage range of 0 to 3.0 V (vs. 

+Li/Li ) were captured for the prepared anodes 
using a scan rate of 0.1 mV/s. Different anodic 
peaks were visible in the LIB configuration with 
the nanocrystals-silicon anode (Figure 3b), 
which correspond to the incorporation of 
lithium ions into the nanocrystals-silicon. A 
cathodic peak at 0.66 V also formed during the 
first CV cycle and was brought on by the 
electrode surface developing a solid 
electrolyte interphase (SEI) layer as well as 
electrolyte breakdown. The subsequent 
stabilisation of CV curves from the second to 
fifth cycles is proof that the SEI layer prevents 
further electrolyte breakdown and improves 
LIB stability. The interaction of Li ions with the 
native SiO  present on the nanocrystals-silicon 2

surface is most likely what caused a wider 
cathodic peak to form at 1.65 V (Sekar, et. al., 
2019; Sun, et. al., 2014, 2015).
          During the first CV cycle, the activated 
carbon anode (Figure 3c) had a pronounced 
cathodic peak at 0.2 V, which was followed by 
stable following curves. This was most likely 
caused by the formation of an SEI layer on the 
activated carbon surface. In a similar manner, 
when using activated-carbon-decorated 
silicon nanocrystal as the anode. Although the 
nanocomposites included minute amounts of 
MgO residue, the device did not show any 
MgO-related peaks. The activated-carbon-
decorated silicon nanocrystal nanocomposites 
showed noticeably more powerful anodic 
responses than the nanocrystals-silicon 
instance. This shows that the highly 
conductive activated carbon nanosheets 
ins ide  the  ac t i va ted-carbon-s i l i con  
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nanocomposite system caused the activated-
carbon-decorated silicon nanocrystal to suffer 
faster electrochemical reactions (Sekar, et. al., 
2019).
                GCD measurements were used to 
assess the samples electrochemical 
properties. The init ial l i thiation and 
delithiations capacities for the nanocrystals-
silicon sample during the first cycle were 336 
and 75 mAh/g, respectively (Figure 3e). Due to 
the intrinsic oxide tendency to lithiate, the initial 
coulombic efficiency was thus only about 22%. 

stThe 1  discharge curve of the nanocrystals-
silicon sample (Figure 3e) exhibits a large 
plateau at about 0.09 V, which denotes the 
development of SEI layers and Li-Si alloys on 
the anode material surface. Due to limitations 
in electronic conductivity, sluggish chemical 
reactions, and a reduction in surface area, the 
GCD performance drastically declined in the 
second cycle (Sekar, et. al., 2019). The charge 
and discharge capacities for the activated 
carbon sample, which is depicted in Figure 3f, 
were 295 and 545 mAh/g, respectively. This 
resulted in a coulombic efficiency of 54%. The 
initial discharge curve suggested that the 
formation of the SEI layer might lead to a 
plateau at 0.8 V. After multiple charge-
discharge cycles, this plateau disappeared 
because of the stability of the carbon-based 
LIB anode (Sekar, et. al., 2019).
            When the activated-carbon-decorated 
silicon nanocrystal anode was employed, the 
LIB device displayed greater charge (510 
mAh/g) and discharge (716 mAh/g) 
capabilities than the other samples (Figure 
3g). The enhanced coulombic efficiency of 
ac t i va ted -ca rbon -deco ra ted  s i l i con  
nanocrystal anode was 71% as a result. This 
increased efficiency can be related to the 
structure of activated carbon-coated 
nanocrystals-silicon nanocomposite, which 
efficiently reduces unfavourable processes 
(such Li-Si alloying on the nanocrystals-silicon 
surface) and encourages electron diffusion 
because mesoporous nanocrystals-silicon is 

st present. The 1 discharge cycle showed three 
potential plateaus (0.3, 0.5, and 0.8 V) as a 
result of the formation of the SEI layer and the 
lithiation of amorphous Li Si and Si (Sekar, et. x

al., 2019). 
          The rate capability and cycle stability of 
LIBs with activated carbon and silicon 
nanocrystal anodes coated with activated 
carbon were then evaluated. The LIB device 
with the nanocrystal-silicon anode was 
excluded due to its poor electrical conductivity, 
as was already indicated. (Sekar, et. al., 2019).  

Figure 3: The experimental methods for 
s imul taneously  obta in ing s i l icon 
nanocrystal nanocomposites adorned with 
activated carbon from the biomass 
resource known as Brown Oryza sativa 
Husks (BOSHs), lithium-ion battery (LIB) 
device cyclic voltammetry (CV) curves 
using anode materials made of (b) nc-Si, (c) 
A C ,  a n d  ( d )  A C @ n c - S i @ A C  
nanocomposites, the scanning rate used 
for all of the CV measurements was 0.1 
mV/s. Galvanostatic charge-discharge 
(GCD) curves of LIB devices using (e) nc-
Si, (f) AC, and (g) activated-carbon-
d e c o r a t e d  s i l i c o n  n a n o c r y s t a l  
nanocomposites as anode materials, A 
current density of 100 mA/g was used for 
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the first GCD cycle, and a current density of 
200 mA/g was used for the subsequent 
cycles, (h) Rate performance for the LIB 
devices using the anode materials of AC 
nanosheets and activated-carbon-
d e c o r a t e d  s i l i c o n  n a n o c r y s t a l  
nanocomposites at different current 
densities and (i) Cycling performance and 
coulombic efficiency determined for LIB 
devices using AC@nc-Si@AC as anode 
materials under an applied current density 
of 200 mA/g.
                Figure 3h shows the rate 
performance of the LIBs based on the applied 
current density. The LIB with the activated 
carbon anode displayed reversible discharge 
capacities ranging from 214 to 83 mAh/g at 
applied current densities of 100 to 2000 mA/g. 
The silicon nanocrystal activated-carbon 
decorated anode of the LIB demonstrated 
reversible discharge capacities ranging from 
561 to 199 mAh/g at applied current densities 
of 100 to 2000 mA/g, respectively. Both times, 
when the applied current density was lowered 
to 200 mA/g after 25 cycles, the discharge 
capacity fully recovered, indicating good 
reversibility. However, the initial specific 
capacity (during the first cycle at 100 mA/g) 
and the specific capacity window (the variance 
of specific capacity with varying applied 
current density) were approximately 2.6 times 
and 1.5 times, respectively (Sekar, et. al., 
2019). 
            The silicon nanocrystal anode coated 
with activated carbon also showed excellent 
cycle performance and a good CE. As shown in 
Figure 3i, the activated carbon anode had a 
noticeably lower discharge capacity of 166 
mAh/g, which is only 0.38 times that of the 
ac t i va ted  carbon-decora ted  s i l i con  
nanocrystal anode, while the activated carbon 
anode maintained a high discharge capacity of 
429 mAh/g over 100 cycles. Additionally, the 
silicon nanocrystal anode-equipped LIB 
maintained a rather high CE of around 97.5% 
throughout 100 charge-discharge cycles.
             The discharge capacity observed here 
was enhanced by around 1.2 times in 
comparison to commercial graphite (372 
mAh/g), owing to the greater specific capacity 

of Si in activated-carbon-decorated silicon 
nanocrystal nanocomposites. The two-
dimensional shape and superior electronic 
conductivity of the activated carbon 
nanosheets in the silicon nanocrystal coated 
with activated carbon may improve ion 
diffusion and storage in LIBs.
            The strong structural stability of 
ac t i va ted -ca rbon -deco ra ted  s i l i con  
nanocrystal nanocomposites is responsible for 
these  excep t iona l  ra te  and  cyc l i c  
performances. In essence, the activated 
carbon nanosheets served as a protective 
coating or shell for the Si nanocrystals, 
minimising the volumetric changes in those 
crystals. The Li interaction with nanocrystals-
silicon was considerably hampered throughout 
the whole solid-state system of the activated-
carbon-decorated sil icon nanocrystal 
nanocomposite because the activated carbon 
shell allowed plenty of room for Li-ion diffusion 
during charge-discharge operations.
           The initial capacity of fully biomass-
derived activated carbon could still be raised, 
even though adding nanocrystals-silicon and 
highly conductive nanomaterials (like 
graphene, carbon nanotubes, conducting 
polymers, etc.) could be the next steps to 
improve the electrical conductivity and porosity 
of the entire composite material system, 
leading to further improvements in its 
electrochemical performance. 
             Finally, activated carbon made from 
brown Oryza sativa husks and silicon 
n a n o c r y s t a l s  A c t i v a t e d  c a r b o n  
nanocomposites have a high initial discharge 
capacity, reversible specific capacity, rate 
performance, cyclic stability, and coulombic 
efficiency. These nanocomposites have the 
potential to serve as high-performing anode 
materials for LIB devices (Sekar, et. al., 2019). 

Synthesis of nano-silicon:
            Husks of Oryza sativa were calcined for 
5 hours at 600 °C following Sudarman et al. 
Oryza sativa husk ash and a 10% sodium 
hydroxide (NaOH) solution were mixed for 
three hours at a temperature of 100°C and a 
rotational speed of 240 rpm. After being 
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filtered, the filtrate from the stirring procedure 
was gradual ly  combined wi th  37% 
hydrochloric acid (HCl) until the pH reached to 
7.0, which led to the precipitation of a 
precipitate. Silica (SiO ) gel was created after 2

extensively filtering and washing the 
precipitate with deionized water. The next step 
was to combine SiO2 gel with 98% magnesium 
powder in a weight-to-ratio of (1: 0.5, 1: 0.6, or 
1: 0.7). The last combination was sealed 
entirely in an autoclave made of stainless 
steel. The autoclave was then heated in a 
microwave for 10 hours at 180°C before being 
cooled for 12 hours at room temperature. The 
powder obtained was put through a purifying 
process. The purification procedure began 
with the addition of a 5 N hydrochloric acid 
(HCl) solution for 12 hours. The mixture was 
rinsed three times with deionized water, and 
then the silicon was removed by centrifuging 
the mixture at 4000 rpm for 30 minutes. Adding 
a 10% hydrofluoric acid (HF) solution for 15 
minutes was the second step in the purification 
process. Three rounds of washing with 
deionized water were followed by a 30-minute 
centrifugation at 4000 rpm to remove 
unreacted SiO  and other impurities produced. 2

Three samples were given the designations Si-
0.5, Si-0.6, and Si-0.7, with the numbers 0.5, 
0.6, and 0.7 designating the amounts of 
magnesium (Mg) powder used in each sample. 
Using a hydrothermal process, silicon (Si) with 
a diameter of only a few nm was produced in an 
aqueous solution. This required the SiO to be 2 

reduced using a mixture of Oryza sativa husk 
SiO gel and Mg powder. SiO gel and Mg 2 2 

powder reacted to form Si and magnesium 
oxide (MgO). The hydrothermal procedure, 
which comprises lowering SiO  at a 2

temperature of 180°C for 10 hours, results in a 
mixture of Si and MgO. High-purity nano-Si is 
produced through further purification 
procedures. To remove Mg, magnesium 
silicide (Mg Si), and MgO from the mixture, 2

hydrochloric acid (HCl) is added in the first 
purification stage. HF is added during the 
second purification stage to efficiently remove 
SiO . In Figure 4a, the hydrothermal technique 2

for synthesising nano-Si is shown graphically 
(Sudarman et al., 2023). 
          Additionally, cyclic voltammetry (CV) on 
Si-0.5, Si-0.6, and Si-0.7 was carried out at a 

-1scan rate of 0.2 mV s  throughout a voltage 
range of 0.01 to 1.5 V. In Figure 4b, the CV of 
Si-0.5 shows two reduction peaks at 0.38 V 
and 0.58 V, which are associated with the 
extraction of Li+ ions, and one oxidation peak 
at 0.16 V, which is associated with the insertion 

+ +of Li  ions. Li  extraction at 0.38 V, 0.56 V, and 
+ Li insertion at 0.16 V are all shown for Si-0.6 

CV in Figure 4c. The cyclic voltammetry of Si-
+ 0.7 (Figure 4d), which displays Li extraction at 

+0.38 V and 0.59 V and Li  insertion at 0.17 V, 
demonstrates similar results. The cathodic 
peak below 0.3 V, which is supported by the 
huge anodic peak in the CV curve, points to a 
single mechanism that converts nano-Si into 
amorphous Li Si (x = 3.75). However, the x

electrochemical procedure for producing 
Li Si at room temperature is not very 3.75

+advanced. Regarding the extraction of Li  from 
nano-Si, it is clear that Si-0.6 has the lowest 
value, demonstrating its superiority to Si-0.5 
and Si-0.7. Si-0.6 has pores that are larger 
than those of Si-0.5 and smaller than those of 
Si-0.7, which accounts for the disparity. Si-0.7, 
which has the smallest pore size in comparison 

+to Si-0.5 and Si-0.6, demonstrates greater Li  
extraction as a result (Sudarman et al., 2023). 
            Figure 4e shows how well nano-Si 
electrode cycled over 200 times. During the 
first cycle, Si-0.5, Si-0.6, and Si-0.7 exhibit 
capacities of 1575, 1757, and 1525 mAh/g, 
respectively. Notably, Si-0.6 is more capacious 
than Si-0.5 and Si-0.7, although Si-0.7 has less 
capacity than the other two (Sudarman et al., 
2023). 
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Fig. 4 The cycling performance of a nano-
silicon electrode over 200 cycles using the 
cyclic voltammetry (CV) of Si-0.5, Si-0.6, 
and Si-0.7 (Sudarman et al., 2023) 
          This finding emphasises how important 

+pore size is for Li  extraction and capacity. The 
increased capacity of Si-0.6 is a result of its 
bigger pore size, whereas Si-0.7 has the 
lowest capacity due to its smaller pore size. As 
a result, the pore size has a significant impact 
on lithium-ion battery capacity, favouring larger 
pore sizes for greater performance. The 
considerable volume changes that take place 

+throughout the Li  extraction and insertion 
cycles make Si employment as a LIB anode 
material challenging. Electrode cracking and 
capacity loss are frequent consequences of 
these volume fluctuations. Since Si NPs are 
naturally resistant to fractures, they are 
employed to reduce cracking. In addition to 
improving fracture resistance, the nanoscale 

+structure capacity to accept strain from Li  
extraction and insertion through plastic 
deformation lowers stresses during volume 
changes. Therefore, this study focuses on 
producing porous nanostructured Si in addition 
to employing Si with nanoparticle-sized Si. 
Due to the increased capacity that 
nanostructured Si offers compared to other 
anode materials, this strategy is essential. 
With a possibility for further improvement, the 

discharge capacity of 1757 mAh/g over 200 
cycles demonstrates the exceptional 
performance of nanostructured Si as a LIB 
anode, outperforming commercial batteries, 
graphite, and graphene (Sudarman et al., 
2023)  
          Thus the improved lithium-ion battery 
performance was made possible by novel 
synthesis techniques for advanced anode 
materials, including PANI-SiO @rGO 2

n a n o c o m p o s i t e s ,  s c a l a b l e  s i l i c o n  
nanoparticles from rice husk, nano-silica by 
hydrothermal processing, and AC@nc-
Si@AC nanocomposites. These methods 
provide increased stability, conductivity, and 
capacity, indicating a viable route to the 
creation of practical and affordable LIB 
devices.
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ABSTRACT

 Hydrophilic surfaces, which have an affinity for water molecules, are 
those that prefer water. Water molecules are attracted to hydrophobic surfaces 
because they reject water molecules. Surfaces that are particularly water-
repellent are known as superhydrophobic surfaces. Because of their great 
surface roughness and low surface energy, superhydrophobic surfaces allow 
water droplets to easily bead up and slide off. During the present investigation, 
beautiful materials found in nature have been explored to examine their water-
loving, water-hating, and superhydrophobic characteristics. Aloe vera, rose 
petals, gerbera blossoms, Aloe barbadensis, miller leaves, and anthurium 
flowers are some of the botanical blooms that have been included for present 
study. All naturally occurring substances possess a reduced surface tension. 
Water has lower surface tension than most other naturally occurring substances. 
It was observed that the contact angles of the water droplets on the rose petals 
altered at three different time points: 120 minutes, 240 minutes, and 360 
minutes.

Keywords: Anthurium, Aloe Vera, Colocasia, Gerbera Flower, Rose Petal

Introduction:

 Many natural surfaces exhibit 
characteristics of water affinity, water aversion, 
and water repellency (Darmanin, and Guittard, 
2014; Darmanin, et. al., 2013) Nature has 
produced insects, animals, and plants for 
millennia. The Cassie-Baxter and Wenzel 
models explain how the topography and shape 
of surfaces greatly influence their water-hating 
characteristics (Wenzel, 1936; Cassie and 
Baxter, (1944). The existence of microscopic 
hairs on leaves is thought to be responsible for 
their superhydrophobic qualities, which have 
been documented in the literature. Vertical 
hairs are found on lady's mantle (Brewer and 
Willis, 2008) while horizontal hairs are being 

observed on poplar leaves and ragwort (Gua 
et. al., 2005; Ye, et. al. 2011). Animals with 
water-repellent qualities include geckos, 
butterflies, and water-walking arthropods. 
Animals and birds, like cicada, translucent 
butterfly wings, water-walking arthropods, and 
gecko foot, have some of the most well-known 
naturally water-repellent surfaces in the 
universe. Cactus spines, the skin of the filefish 
Navodon septentrionlis, shark skin (Cai, et al., 
2014), leafhoppers (Rakitov and Gorb, 2013), 
and springtail surfaces all exhibit underwater 
superhydrophobic qualities (Nickerl, et. al., 
2013 It is crucial for water repellence qualities 
to remain stable even after pressure that 
accounts for the dual action of rainfall 
(Nosonovsky and Bhushan, 2008).
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Super hydrophobicity:
Young's State: The Young equation relates 
the three surface tensions of liquid-vapor, 
solid-vapor, and liquid-solid and predicts the 
contact angle between a liquid droplet and a 
solid surface. This prediction holds true 
independent of the surface chemistry 
(Young,1805). The Young equation explains 
the liquid's contact angle with a perfectly 
smooth, chemically homogeneous solid 
surface as shown in Figure 1a and explained in 

Where the Young's contact angle (θ) is and r is 
the roughness ratio. The ratio of the 
anticipated surface area to the actual surface 
area is known as the roughness parameter, or 
r. When a surface is completely smooth, r = 1, 
and when a surface is rough, r > 1. The 
Wenzel state states that for materials having a 
contact angle larger than 90° (intrinsically 
water-hating materials), wetting is minimized 
by roughness.

Figure 1: The wetting behaviour of a liquid 
droplet on a rough solid surface under 
three different states: a) Young's state, b) 
Wenzel's state, and c) Cassie-Baxter state.

Cassie- Baxter's State: 
            The heterogeneous state or composite 
state are other names for the Cassie-Baxter 
state. The Cassie-Baxter condition of wetting 
is seen in Figure 1c, where the grooves 
beneath the droplet are filled with vapour 
rather than liquid (Cassie, and Baxter, 1944). 
The most crucial characteristic of a coating 
designed to repel water is robustness. Even 
after being released, the substance retains its 
high-pressure qualities. The rise in the solid-
vapor barrier at low H makes the Cassie-
Baxter state a good predictor of water-
repellence qualities. It also has anti-icing (heat 
transfer), anti-corrosion (batteries, water 
desalination, and ion penetration), and anti-
corrosion (ion penetration) capabilities. In spite 
of a rise in surface roughness, the material's 
inherent characteristics get better. There are 
two phases that make up the liquid surface 
interface: the liquid-vapor interface and the 
liquid-solid interface.

the following equation.
              Where γ , γ  and γ represent the lv sv sl 

surface tensions at the interfaces between 
solids and liquids, respectively. A contact angle 
(θ) is created when a single drop of fluid (oil or 
water) is deposited on a solid surface. The 
Young equation only holds true for smooth 
surfaces; hence it cannot be used to describe 
textured surfaces. A liquid contact angle (θ) 
with a rough surface will be different from that 
of a liquid with a smooth surface since wetting 
surfaces are chemically diverse, they are more 
complicated and rougher. The effect of surface 
roughness on contact angle can be studied in 
two modes or states. 

Wenzel's State: Figure 2b illustrates the 
contact angle model that created by Wenzel 
for rough surfaces, which allows liquid to 
completely permeate into the rough grooves 
(Wenzel, 1936). Due to the increase in the 
solid-liquid interface in the rough grooves, air 
bubbles may become trapped there, but only if 
the height of the asperities (H) is high enough. 
In this instance, a liquid droplet (oil or water) is 
present on a composite surface, and the 
Cassie-Baxter model is used to characterise 
the wetting nature as:



           The contributions of the various phases 
are combined to generate the apparent 
contact angle, where w is the apparent 
contact angle and 1 and 2 are the surface 
fractions of phases 1 and 2, respectively.  
Phase 1 and Phase 2's respective contact 
angles are 1 and 2, respectively. The solid 
fraction, symbolised by the Greek letter, refers 
to the area of a solid surface that has been 
moistened by a liquid when one of the 
surfaces is the air-liquid interface. (1-φ) 
represents the air fraction. Because it 
included the air component, in the 
denominator, the original equation was 
wrong. The air percentage should be in the 
numerator since it represents the portion of 
the surface that is not moistened by liquid.

in water and have a great attraction for it. 
Water-loving is the opposite of water-repelling. 
There are numerous uses for surfaces that 
attract or repel water. Figure 2a illustrates 
water-loving compounds that can corrode 
metal surfaces and alloys. Polar molecules are 
also described as molecules that love water. 
Because it can form hydrogen bonds and is 
frequently polar, a molecule's water-loving 
component can dissolve in water more quickly 
than its oil- or other water-hating solvent-loving 
counterpart. It may appear as though water 
molecules in the air are drawn to substances 
that love water. In settings with considerable 
condensation and for shielding exchangers 
from water's corrosive effects, hydrophilic 
coatings are very useful. Additionally, 
hydrophilic coatings do exceptionally well at 
keeping out water in hot and salty situations.

Hydrophobic Nature:  
� Figure 2b illustrates how the words 
"water-hating" and "hating water" have Greek 
roots that imply "phobia" and "hydrophobia," 
respectively. Scientists refer to nonpolar 
substances as being "hydrophobic" because 
they do not combine with water molecules. 
Examine that definition in more detail. Since its 
atoms carry a partial charge, hydro is a polar 
molecule. The most electronegative atom is 
oxygen, whose core electrons in each bond 
are extremely close to one another. Any 
charged substance will interact with hydro 
molecules to dissolve, whether it has a positive 
or negative charge. In essence, molecules that 
dislike water are non-polar, which means they 
don't have a net charge. These molecules lack 
any connections between charges that would 
enable them to interact with hydro while not 
having any charges. Water Hating substances 
frequently insoluble in water or any other 
solution with a predominately watery 
environment. In many areas of biology, 
including the structure of animals, cellular 
function, and molecular interactions, the traits 
of being water-hating or non-polar are crucial.

          When the surface reaches unity (1), the 
liquid droplet will expand out to cover the 
entire area. The liquid droplet will not even 
come close to the surface when surface = 0. 
For a flat surface, the solid fraction varies from 
0 to 1. In this condition, the droplet can readily 
roll over the solid surface due to the narrow 
contact area between them.   
Contact angle: When a surface is 
superhydrophobic, it displays high water 
contact angle (WCA > 150°) and low water 
contact angle hysteresis (CSH 10°). This 
surface is not only self-cleaning, but also 
water-repellent (Su, et al., 2010; Bhushan, and 
Her, 2010; Bormashenko, et. al., 2006) 
Contact angle hysteresis (CHA) is the 
distinction between advancing and receding 
contact angles (Ferrari and Ravera, 2010; 
Nosonovsky, and Bhushan, 2008). When 
water droplets form on a superhydrophobic 
surface, they take on a nearly spherical shape 
and readily move when subjected to low tilting 
angles.

Hydrophilic Nature:
           Hydrophilic compounds readily dissolve 
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Figure 2:  three different surface types: a) 
hydrophilic, b) hydrophobic, and 3) 
superhydrophobic.

Water Repellence:
           Super-hydrophobic surfaces are very 
water-repellent, making it very difficult to wet 
them. On a superhydrophobic surface, a water 
droplet's contact angle is greater than 150°, 
and the difference between its advancing and 
receding contact angles is less than 10°. A 
droplet can entirely bounce after colliding with 
a superhydrophobic surface, much like an 
elastic sphere. This is also referred to as the 
lotus effect, after the self-cleaning properties of 
the leaves of the lotus plant.

Experimental Details and Results:
Rosaceae Petals:

          Rosaceae and the genus Rosa contain 
the most well-known flower in all of nature. The 
petals of Rose (Rosa damascene) of the family 
Rosaceae, are amphiphilic, meaning they 
have both a love of and a dislike of water. Even 
with the petal turned upside down, a water 
droplet that is small enough will slide off. High 
sticky forces are incompatible with water 
repellence. Chinese researchers have 
established that rose petals and water have an 
unusual bond that is not shared by other 

Figure 3: Images of Rosaceae petals at 
different times, illustrating their 
water-hating and water-repellence 
properties.

plants. The micro-nanoscale topography of a 
rose petal comprises hills and valleys. The 
large valleys allow a small amount of water to 
soak in, creating a sticky surface on which 
smaller droplets can condense and stick to the 
petal. Since the surface of the rose petals is 
amphiphilic, it has both water-loving and 
water-hating characteristics. While the water-
hating portions of the petals vigorously oppose 
water, the water-loving sections have a great 
attraction for it. The irregular topography of 
small valleys. Rose petals' micro-papillae 
produce two reactions in response to water. 
Larger droplets are repelled by the micro-
papillae and tiny valleys. Water-hating and 
water-repellence are two characteristics 
displayed by rose petals. Following a few 
minutes, after 120 minutes, after 240 minutes, 
and after 360 minutes, it was noted that the 
contact angles altered during the course of the 
current investigation. 

Asteraceae Flower:

Figure 4: Images of Gerbera petals at ?
different times, illustrating their 
water-loving, water-hating, and 
water-repellent properties.
 The Asteraceae family's Gerbera 
flower is well-known. The gerbera flower is 
three-lobed, strap-shaped, and the individual 
flowers are found in the heads (Barthlott, and 
Neinhuis, 1997). Its aversion to water is one of 
its most significant characteristics. The micro-
nanoscale surface area of gerbera flowers 
gives them the ability to both love and hate 
water. In the current investigation, it has been 
shown that the contact angles change over the 
first few minutes, following 120, 240 and 360 
minutes. 
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Figure 6: Images of Colocasia (Araceae) 
leaves at different times, illustrating their 
water-loving and water-repellence 
properties.

Figure 7 Images of the Anthurium flower 
(Araceae) are shows water loving and 
water hating properties at different time. 

Colocasia:

 The elephant ears, often referred to as 
Colocasia, are the most well-known leaves in 
the world. Elephant ears belong to the Araceae 
family and the Colocasia genus. Colocasia 
leaves exhibit water-loving, water-hating, and 
water-repellent surface characteristics. In 
current investigation, it was found that the 
contact angles altered after a few minutes, 
after 120 minutes, and after 240 and 360 
minutes. 

Anthurium:
          The genus Anthurium includes perennial 
evergreen plants that are part of the Araceae 
family. Anthurium plants have subterranean 
rhizomes and adventitious roots. Anthurium 
plants create a long-lasting, vivid spathe that 
comes in a variety of colours, including cream, 
pink, red, light red, white, dark red, green, 
lavender, and salmon pink. Most of the time, it 
is planted as a crop for cut flowers because of 
its spadix, which is prized for its colorful, long-
lasting spathe. Anthurium plants are famous 
for their variety of colors, massive effect, and 
elegance. 
          The surface characteristics of Anthurium 
flowers in this study demonstrated both water-
loving and water-repelling characteristics. The 
contact angles were seen to fluctuate 
throughout the course of the investigation at 
the following intervals: i.e., after 120, 240, and 
360 minutes.

Aloe barbadensis:
 Aloe vera belongs to the family 
Asphodelaceae and genus Aloe. Aloe 
barbadensis leaves have microstructures with 
tiny height and high pitch values, which change 
the contact angle between a surface and a 
water droplet (Bhushan and Her, 2010).  The 
wetting state may be reached if water 
impregnates between microstructures 
(Bormashenko, et al., 2006). The hydrophobic 
liquid's contact area with the surface is less 
than in the Wenzel state but greater than in the 
intermediate wetting state. Aloe barbadensis 
leaves are water-loving due to their wide 
surface area. Aloe barbadensis leaves exhibit 
all three water-loving, water-hating, and water-
repellency properties. The contact angles 
were seen to fluctuate throughout the course of 
the investigation after a few, 120, 240 and 360 
minutes.

Figure 8: Asphodelaceae that simultaneously 
display their water-loving characteristics. 
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              During present investigation, the 
water-loving, water-hating, and water-
repellency qualities in Nature's exquisite 
materials were investigated. The rose petals 
were water-hating and water-repellent in 
nature. High adhesive forces were not always 
associated with water repellence. The petals of 
a red rose had curious relationship with water, 
but not for other liquids. Rose petals have a 
water-loving surface that strongly attracts 
water while water-hating surfaces strongly 
repel water. Rose petals had water-hating and 
water-repellent characteristics, but the latter is 
the more significant one. A surface's ability to 
self-clean entails that it can eliminate dirt and 
debris by dispersing water droplets. The 
leaves of Colocasia leaves had characteristics 
that attract, resist and love water. Aloe Vera 
leaf surface area demonstrated its affinity for 
water. Water-loving, water-hating, and water-
repellent qualities were found to be present in 
every flower, petal and leaf. It has been shown 
that the contact angles change over the first 
few minutes, the following 120, 240 and 360 
minutes.

Acknowledgements:

 The authors are thankful to the 
Department of Botany and Physics Raje 
Ramrao College, Jath. 

References:

Barthlott, W. and Neinhuis, C. (1997) Planta 
202:1.

Bhushan, B. and Her, E-K. (2010) Langmuir 
21:8207.

Bormashenko, E. Stein, T. Whyman, G. 
Bormashenko, Y and Pogreb, R. (2006) 
Langmuir 22:9982.

Brewer, S. A. and Willis, C. R. (2008) Appl. 
Surf. Sci. 254:6450.

Cai, Y. Lin, L. Xue, Z. Liu, M. Wang, S. and 
Jiang, L. (2014) Adv. Funct. Mater. 
24:809.

Cassie, A. B. D. and Baxter, S. (1944) Trans. 
Faraday Soc. 40:546.

Darmanin, T. and Guittard, F. (2014) Prog. 
Polym. Sci. 39 (4): 656.

Darmanin, T. Givenchy, E. T. D. Amigoni, S. 
and Guittard, F (2013) Adv. Mater. 
25:1378.

Ferrari, M and Ravera, F. (2010) Adv. Colloid 
Interface Sci. 161: 22.

Gua, Z-Z. Wei, H-M. Zhang, R-Q, Han, G-Z. 
Pan, C. Zhang, H. Tian, X-J. and Chen, Z-
M. (2005) Appl. Phys. Lett. 86:201915.

Nickerl, J. Helbig, R. Schulz, H-J. Werner, C. 
and Neinhuis, C. (2013) Zoomorphology 
132:183.

Nosonovsky, M. and Bhushan, B. (2008) Adv. 
Funct. Mater. 18:843.

Rakitov, R. and Gorb, S. N. (2013) Proc. R. 
Soc. B 280:20122391.

Su, Y. Ji, B. Zhang, K. Gao, H. Huang, Y. and 
Hwang, K. (2010) Langmuir 26:4984.

Wenzel, R. N. (1936) Ind. Eng. Chem. 28:988.
Ye, C. Li, M. Hu, J. Cheng, Q. Jiang, L. and 

Song, Y. (2011) Energy Environ. Sci. 
4:3364.

Young, T. (1805) Philos. Trans. R. Soc. Lond. 
95:65.

566



See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/385273551

ORYZA SATIVA HUSK AS A SUSTAINABLE SOURCE OF SILICON A
REVIEW

Article · October 2024

CITATIONS

0
READS

4

1 author:

Rajendra Lavate

Shikshanmaharshi Dr. Bapuji Salunkhe College Miraj

38 PUBLICATIONS   106 CITATIONS   

SEE PROFILE

All content following this page was uploaded by Rajendra Lavate on 26 October 2024.

The user has requested enhancement of the downloaded file.

https://www.researchgate.net/publication/385273551_ORYZA_SATIVA_HUSK_AS_A_SUSTAINABLE_SOURCE_OF_SILICON_A_REVIEW?enrichId=rgreq-7e1ba91b44039b1574ef123a42ce8b6e-XXX&enrichSource=Y292ZXJQYWdlOzM4NTI3MzU1MTtBUzoxMTQzMTI4MTI4NjM0NTk0MkAxNzI5OTYzMjAyMjQ5&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/385273551_ORYZA_SATIVA_HUSK_AS_A_SUSTAINABLE_SOURCE_OF_SILICON_A_REVIEW?enrichId=rgreq-7e1ba91b44039b1574ef123a42ce8b6e-XXX&enrichSource=Y292ZXJQYWdlOzM4NTI3MzU1MTtBUzoxMTQzMTI4MTI4NjM0NTk0MkAxNzI5OTYzMjAyMjQ5&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-7e1ba91b44039b1574ef123a42ce8b6e-XXX&enrichSource=Y292ZXJQYWdlOzM4NTI3MzU1MTtBUzoxMTQzMTI4MTI4NjM0NTk0MkAxNzI5OTYzMjAyMjQ5&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Rajendra-Lavate?enrichId=rgreq-7e1ba91b44039b1574ef123a42ce8b6e-XXX&enrichSource=Y292ZXJQYWdlOzM4NTI3MzU1MTtBUzoxMTQzMTI4MTI4NjM0NTk0MkAxNzI5OTYzMjAyMjQ5&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Rajendra-Lavate?enrichId=rgreq-7e1ba91b44039b1574ef123a42ce8b6e-XXX&enrichSource=Y292ZXJQYWdlOzM4NTI3MzU1MTtBUzoxMTQzMTI4MTI4NjM0NTk0MkAxNzI5OTYzMjAyMjQ5&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Rajendra-Lavate?enrichId=rgreq-7e1ba91b44039b1574ef123a42ce8b6e-XXX&enrichSource=Y292ZXJQYWdlOzM4NTI3MzU1MTtBUzoxMTQzMTI4MTI4NjM0NTk0MkAxNzI5OTYzMjAyMjQ5&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Rajendra-Lavate?enrichId=rgreq-7e1ba91b44039b1574ef123a42ce8b6e-XXX&enrichSource=Y292ZXJQYWdlOzM4NTI3MzU1MTtBUzoxMTQzMTI4MTI4NjM0NTk0MkAxNzI5OTYzMjAyMjQ5&el=1_x_10&_esc=publicationCoverPdf


ABSTRACT

 This review focuses on utilisation of Oryza sativa Husk as a source for 
silicon nanoparticles (Si NPs) that are created via magnesiothermic reduction 
and used in composite anodes for lithium-ion batteries (LIBs). The production of 
silicon nanoparticles (Si NPs) has been explained and, their electrochemical 
characteristics, and possibility for activated carbon-decorated silicon 
nanocrystals (AC@nc-Si@AC) to serve as high-capacity anode materials have 
been discussed. The study emphasises cost-effective, synthesis techniques for 
creating environmentally acceptable energy storage technologies with the use 
of biomass.

Introduction:

 The majority of people in the world 
consume rice (Oryza sativa) regularly. To fulfil 
the demands of the expanding population, it is 
crucial to cultivate Oryza sativa sustainably. In 
recent years, the world has consumed about 
470 million metric tons of Oryza sativa (Wong, 
et. al., 2014). Millions of tonnes of Oryza sativa 
husk is produced during the manufacturing of 
rice. Although Oryza sativa husk can be 
utilised to make fuel, fertiliser, and building 
materials, it is frequently considered a waste 
product (Rodr´ıguez de Sensale, 2006; 
Kamenidou et. al., 2010; Duan et. al., 2013; 
Fang et. al, 2004). Even though Oryza sativa 
husk decomposes naturally, the readily 
available quantity may convert it as a resource 
for novel technologies for the benefit of 
mankind.  
           Oryza sativa husk contains a high 
proportion of Silicon dioxide (SiO ), Depending 2

on the type of soil used to cultivate Oryza 
sativa, the SiO content in its husk ranges from 2 

10 to 20 %   (Chandrasekhar et. al., 2003). The 
Oryza sativa husk can be pre-treated with 
various acids before being pyrolyzed to 
recover SiO from it (Yalcin and Sevinc, 2001; 2 

Kalapathy, et. al., 2002; Liou, 2004; Adam, et. 

al, 2012). The characteristics of silicon dioxide 
recovered from husk vary with the source or 
raw material. Even the amount of SiO differs 2 

across Oryza sativa husks from different 
geographical areas. This may have an impact 
on the SiO extraction characteristics, including 2 

purity, particle size, and shape (Carmona, et. 
al., 2013; Le, et. al., 2013). The SiO obtained 2 

from the Oryza sativa has a nanoscale shape. 
SiO  can be converted into silicon (Si) by 2

employing magnesiothermic reduction 
method, wherein magnesium (Mg)powder and  

SiO are heated in a furnace until they react. 2 

Pure Si is left behind when the SiO and 2 

magnesium react with the oxygen to generate 
magnesium oxide (MgO) (Banerjee et. al., 
1982). In this way, SiO  can be converted to Si 2

in its original shape via magnesiothermic 
reduction method. Since the reaction is carried 

0out at a temperature of 600 C the silicon 
nanoparticles (Si NPs) can be subjected to 
sintering into a bulk substance. During 
sintering, the particles come together to create 
a solid mass. It takes less time for the particles 
to sinter together when the reaction is carried 
out at a low temperature, resulting in smaller, 
more homogeneous Si NPs. Thus it is possible 
to use silicon dioxide nanoparticles (SiO  NPs) 2

as a raw material to create Si NPs. This might 
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result in the creation of innovative and effective 
processes for Si NPs synthesis (Sun and 
Gong, 2001).  This process enables the 
possibility of using low-cost Si NPs in lithium-
ion battery systems. This might result in the 
creation of lithium-ion batteries (LIBs) that are 
more cost-effective and environmentally 
friendly (Xing, et. al, 2013; Liu, et. al., 2013; 
Junget. et. al., 2013). 
                In upcoming LIBs, Si NPs will be a 
potential anode material. This is due to 
enormous capacity of Si to store a large 
amount of energy (Kasavajjula et. al., 2007). 
Furthermore, Si NPs have a large surface 
area, which increases their reactivity with 
lithium ions. This may result in quicker 
charging and discharging times as well as 
increased battery performance. Theoretically, 
Si is the alloying material that can react with 
lithium ions. The capacity of producing 4200 
mAh/g during this reaction, at room 
temperature, is 10-12 times larger than the 
specific capacity of conventional graphite 
based anodes. LIBs, made with the help of Si-
based materials have an issue with volume 
expansion during the charge-discharge cycle. 
This is due to the many alloy formation stages 
that Si goes through during the charge-
discharge cycle, which causes it to expand and 
contract. The Si anode may break as a result of 
this growth in the volume, which could affect 
the battery performance and lifespan 
(Boukamp, 1981). A similar issue that can be 
experienced with Si-based materials is their 
inherently low conductivity. This indicates that 
Si is a poor conductor of electricity, which may 
reduce the battery capacity (Lee, et al., 2010; 
Magasinski, et. al., 2010). In addition to its low 
working voltage, abundance on Earth, and low 
toxicity, Si has several further advantages as 
an anode material for LIBs (Entwistle, et. al., 
2018).
 Lithium ions are injected into the 
material in a process known as intercalation 
that produces lithiation in conventional 
electrode materials. The intercalation method 
results in very few structural changes and with 
high retention capacity. On the other hand, Si 
and lithium combine to form an alloy that 
requires periodic cycles of contravention and 
re-establishing chemical connections with the 

host structure. Low conductivity and the 
possibility of volume increase are the main 
drawbacks of adopting Si as an anode material 
for LIBs. The Si can swell by as much as 280% 
when a lot of lithium ions are injected into it. 
The Si anode may fracture and break as a 
result of the volume increase, which could 
result in a decrease in battery performance 
and life. The composite electrode may sustain 
structural degradation due to the dimensions 
increase of Si during cycling, which isolates the 
active component and reduces capacity. This 
poses a significant obstacle to the creation of 
Si anodes with large capacities and long cycle 
lives (Entwistle, et. al., 2018).
           The synthesis of SiO  and Si materials 2

for LIBs from the husk of Oryza sativa, using 
v a r i o u s  e x t r a c t i o n  m e t h o d s  a n d  
magnesiothermic reduction, have been 
discussed in this communication. 

Synthesis:
           Ratsameetammajak et al. (2022) 
described the process of preparing silica from 
the husk of Oryza sativa (rice). Rice husks are 
taken from farms and washed in water. They 

oare then completely dried at 100 C. To get rid 
of any metallic impurities, rice husks are 
soaked in an aqueous solution of hydrochloric 
acid (HCl) overnight. In order to achieve the pH 
value of pH of 7, rice husks are thoroughly 
rinsed in water. Then the rice husks are dried at 
100 °C, and subsequently burnt in a muffle 
furnace at 700 °C for two hours. The burning 
process is repeated once again to ensure the 
perfect removal of organic matter and the 
creation of rice husk ash, an ample source of 
silica. Where the silica comes from. Below is a 
summary of the process used to create 
reduced graphene oxide (rGO): An adaptation 
of the Hummers process is used to create 
graphite oxide (GO) from graphite powder. In a 
non-reactive atmosphere for 5 hours, reduce 
the GO in a tube furnace at 800 °C 
(Autthawong et. al., 2020)              
 The process of creating the composite 
material made of SiO @rGO with a proportion 2

of 30:70 can be summed up as follows: 
Prepare recently generated SiO  by 2

precipitating it for 2 hours at 120 °C in a NaOH 
solution. In the suspension, distribute rGO by 



utilising a hydrochloric acid solution. 
       Graphene oxide (GO) is a unique material 
that can be viewed as a single monomolecular 
layer of graphite with various oxygen-
containing functionalities such as epoxide, 
carbonyl, carboxyl, and hydroxyl groups. 
Reduced graphene oxide (RGO) is the form of 
GO that is processed by chemical, thermal and 
other methods to reduce the oxygen content. 
As graphite oxide is a material produced by 
oxidation of graphite, it leads to increased 
interlayer spacing and functionalization of the 
basal planes of graphite.
             Raise the pH of the mixture to 7. Keep 
aside overnight at room temperature, and then 
stir the mixture.  Rinse the mixture with 
deionized (DI) H O and ethyl alcohol 2

(CH CH OH) and then centrifug. Dry the 3 2

sample thus obtained in a hot air oven at 60 °C 
as described by Ratsameetammajak et. al., 
(2022). 
          The creation of the composite material 
(SiO @rGO and Polyaniline) including SiO / 2 2 

rGO and Polyaniline (PANI) can be summed 
up as follows: In a mixture of 10 mL ethanol, 5 
ml deionized water, and 5 ml H SO , make a 2 4

suspension of SiO @rGO. To produce a 2

consistent  d ispersion,  sonicate the 
suspension. While agitating ferociously in an 
ice bath, dropwise add the aniline monomer to 
the solution. Stir the solution for 6 hours in an 
ice bath while adding Ammonium Persulfate 
((NH ) S O ). When polymerization takes place 4 2 2 8

leading to the formation of polyaniline 
emeraldine salt, the solution will turn dark 
green. To achieve a clear solution, repeatedly 
wash the suspension in H O and CH CH OH.2 3 2

            The electrochemical behaviour of the 
PANI-SiO @rGO composite was further 2

studied in a coin-type cell utilising lithium foil as 

the reference and counter electrodes. A 
composite anode made of SiO  and rGO was 2

used in parallel tests to compare the results. 
The initial three lithiation-delithiation curves of 
the SiO @rGO and PANI-SiO @rGO 2 2

electrodes at a potential range of 0.01-3.00 V 
+ -1(vs. Li/Li ) at a current density of 0.4 A g  are 

shown in Figures 1b and 1c, respectively. 
            The SiO @rGO composite electrode's 2

initial lithiation and delithiation specific 
capacities were 1012 and 300 mAh/g, 
respectively, however, it had a poor coulombic 
efficiency (CE) of 29.6%. The PANI-
SiO @rGO composite electrode initial 2

lithiation/delithiation specific capacities, on the 
other hand, were 1508 and 647 mAh/g, 
respectively, with a CE of 42.9%. The 
reduction of silica in SiO @rGO and PANI-2

SiO @rGO composites, results in lithium loss, 2

causing initial low CE. The potential gradient 
plateaus on both electrodes, which range from 
1.5 to 0.5 V, clearly show the formation of a 
solid electrolyte interphase (SEI) layer 
(Ratsameetammajak et. al., 2022). 
               The existence of stable plateaus 
during early cycles is an evidence of this 
reaction (Figure 1d). The subsequent cycles 
show that the SEI layer is only formed in the 
initial cycle, as the slopes gradually become 
sharper and the hills gradually get smaller. The 
charge voltage profiles become noticeably 
steeper rather than staying flat at potentials 
higher than 1.5 V. This invention can be 
attributed to solvent degradation processes 
occurring on the oxide electrode surface, 
w h i c h  p r o d u c e d  t h e  S E I  c o a t i n g  
(Ratsameetammajak et. al., 2022). 
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Figure 1(a-f) (a) the synthetic pathway for 
the preparation of the PANI-SiO @rGO 2

composite, lithiation-delithiation profiles 
for the composites PANI-SiO @rGO and 2

-1SiO @rGO measured at 400 mA g  in 2

current density (b) and (c), during the first 
three cycles, cyclic voltammograms (CV) of 
the PANI-SiO @rGO electrode were 2

-1recorded at a scan rate of 0.1 mV s  and are 
displayed in (d), SiO @rGO and PANI-2

SiO @rGO composites long-term cycling 2

stability and Coulombic efficiency 
-1comparison at 400 mA g  are depicted in 

(e). SiO @rGO and PANI-SiO @rGO 2 2

composites rate performance evaluation is 
depicted in (f).
            During the initial cycle of delithiation 
and lithiation, a layer on the surface of anode 
known as the SEI film develops. It is produced 
by the interaction of the electrode material and 
the electrolyte at the solid-liquid interface. It is 
thought that the partial breakdown of the SEI 
coating was mostly due to the initial poor CE. 
The initial coulombic efficiency of PANI-
SiO @rGO electrode is greater than that of 2

SiO @rGO composite electrode. This is 2

because the PANI covering shell prevents the 
electrolyte at SiO @rGO surface from 2

decomposing.  
              Figure 1e compares the long-term 
cycling stability of SiO @rGO nanocomposite 2

(NC) electrode with the PANI-SiO @rGO 2

composite electrode. The PANI-SiO2@rGO 
NC anode has outstanding long-term cycling 

-1performance at 0.4 A g  and maintains a high 
reversible capacity of 680 mAh/g after 400 
cycles, which is about twice as much capacity 
as standard graphite anodes. In comparison, 
after 215 cycles, SiO @rGO NC electrode can 2

only discharge 414 mAh/g. This shows that 
only mild pulverisation of SiO  in the PANI-2

SiO @rGO NC occurred. The PANI coating 2

efficiently slows down electrolyte degradation 
on the surface of SiO  and serves as a flexible 2

protective layer to absorb SiO  volumetric 2

changes.
            The results presented above make it 
clear that the PANI shell outstanding 
mechanical qualities may prevent SiO2 

nanoparticle volumetric alterations. This 
capability guarantees that the working 
electrode structural integrity is maintained 
throughout discharge and charge cycles, 
greatly enhancing the electrode sustained 
stability over time.
            The rate performance of PANI-
SiO @rGO and SiO @rGO NC electrodes was 2 2

evaluated at different current densities ranging 
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-1from 0.1 to 2.0 A g , as shown in Figure 1f. At 
the corresponding current densities of 0.1 to 2 

-1A g , the PANI-SiO @rGO NC electrode 2

displayed discharge capacities ranging from 
-1563.6 to 217.1 mAh/g. After cycling at 2 A g , 

the electrode maintained a discharge capacity 
-1of 539.4 mAh/g when cycled back to 0.1 A g , 

illustrating its excellent rate performance. 
These results show that using PANI-
SiO @rGO NC is an effective way to improve 2

the electrochemical properties of SiO @rGO 2

(Ratsameetammajak et. al., 2022).  
               N-doped carbon coated       PANI-
SiO @rGO NC has superior lithium storage 2

capacity. Which can be attributed to their 
distinctive structure. SiO  nanoscale 2

properties shorten the lithium ion diffusion 
path, which enhances lithium-ion diffusion and 
electronic transport. however, the rate 
capability may suffer. The encircling rGO 
sheets on the SiO surface have generated a 2 

continuous conductive channel that connects 
the SiO  nanoparticles, considerably 2

improving the conductivity of PANI-SiO @rGO 2

NC electrode. SiO  pulverisation is avoided 2

because the PANI materials elasticity 
effectively adapts to the NC volume variations 
during the Li-alloying and dealloying 
operations (Ratsameetammajak et. al., 2022; 
(Liao, et. al. 2020; Charlton, et. al., 2020, 
Chen, 2019). In conclusion, PANI-SiO @rGO 2

NC had an improved initial CE of 42.9% and a 
high specific capacity of 680 mAh/g at 400 
mA/g after 215 cycles (Ratsameetammajak et. 
al., 2022). 

Synthesis of silicon nanoparticles:
 Daulay et al. (2022) heated Oryza 
sativa husk at 600°C for 5 hours to produce 
ash.  Thereafter the ash and NaOH were 
combined and stirred for three hours at 240 
rpm and 100°C. The mixture was filtered, and 
HCl was added until a pH reached 7.0, The 
precipitate was filtered out and residual 
solution was heated at 100°C for three hours 
again for precipitation, which was again 
removed by filtration. After several rounds of 
washing with distilled water and drying, SiO  2

was produced in the form of powder. It was 
then mixed with KBr with a ratio of 1:10, 

deionized water was added, and stirring was 
carried out for three hours. The combination 
was subjected to ultrasonication for six hours. 
The residue produced after ultrasonication 
was separated by decantation, and the filtrate 
was allowed to dry for 12 hours. The dry 
powder was mixed with Mg powder in various 
ratios (1:1.0, 1:1,5, 1:2.0). The next calcination 
procedure was undertaken at 800°C for 8 
hours. During the first purification stage, 150 
mL of deionized water and 15 mL of ethanol 
were added. After that, there was 3 hours of 
agitation. Centrifugation of the mixture was 
done for 30 minutes at a speed of 4000 rpm. 
After being regularly cleaned with deionized 
water, it was dried for six hours at 80 °C. The 
second stage involved addition of 150 ml, 5 N 
HCl and a 12-hour rest period. The sample was 
dried at 80 °C for 6 hours, washed with 
deionized water, and then centrifuged once 
again for 30 minutes at 4000 rpm. Then 150 mL 
of 10% hydrogen fluoride (HF) was added as 
the last stage, and the mixture was allowed to 
settle for 15 minutes. The mixture was first 
dried, followed by several washes in deionized 
water, and a second drying step was six hours 
at 80 °C. Si-1, Si-1.5, and Si-2 thus produced 
were labelled. (Daulay, et. al., 2022).
                Figure 2b displays cyclic 
voltammetry profiles for Si NPs. The data 
demonstrated that as the ratio of SiO  and Mg 2

i n c r e a s e s  d u r i n g  r e d u c t i o n ,  t h e  
magnesiothermic reduction causes a higher 
reduction peak associated with the production 
of delithiation as well as oxidation peaks, 
associated with the lithiation to Si. Cyclic 
voltammetry (CV) was used to measure the 
activation process for Si-1, Si-1.5, and Si-2 
electrodes with a voltage range of 0.01 to 1 V 

+ -1(against Li /Li) and a scan rate of 0.2 mVs . 
The CV analysis of Si-1 (Figure 2c) revealed 
lithiation-related reduction peaks (0.16 V) as 
well as the delithiation-related oxidation peaks 
(0.31 V and 0.54 V). Figure 2d depicts the 
lithiation of Si-1.5 at 0.21 V and its delithiation 
at 0.37 V and 0.57 V. In Figure 2e, the lithiation 
(0.25 V) and delithiation (0.45 V and 0.61 V) 
peaks for Si-2 are displayed. These peak 
intensities increase during the cycles, 
suggesting that more lithium ions are possibly 
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moving between the electrode and electrolyte. 
This indicated gradual activation of 
substances. Compared to Si-1.5 and Si-2, Si-1 
showed less significant peaks in both lithiation 
and delithiation. More efficient transport of 
lithium ions from the cathode to the anode and 
vice versa is shown by smaller lithiation and 
delithiation peaks in CV (Daulay et. al., 2022).
            The rate capability study for the Si-1, 
Si-1.5, and Si-2 electrodes is shown in Figure 
2f. The first cycle is performed to ensure that Si 
is adequately activated, as shown by cyclic 
voltammetry, which aids in the creation of a 
stable solid electrolyte interphase (SEI) layer 
(Liu et. al., 2006).  Si-1, Si-1.5, and Si-2 
electrodes, respectively, had initial discharge 
capacities of 3416, 3037, and 2847 mAh/g. 
54.9, 85.4, and 85.6 % are the comparable 
Conformite Europeenne (CE). The silicon 
lithiation potential range (0.01 V to 0.50 V) is 
higher than the carbonate-based lowest 
unoccupied molecular orbital (LUMO) 
electrolyte. When a voltage is applied, Si is 
lithiated, resulting in the formation of an 
amorphous solid electrolyte interface (SEI). By 
reductively destroying the electrolyte, this SEI 
is created. The native oxide layer on the Si 
surface is damaged during the initial lithiation 
process, which causes an inner SEI 
predominantly made of lithium ethylene 
dicarbonate (LEDC) and Li SiO  to develop. x y

While the continuing discharge causes LiF to 
be produced, a significant amount of outer SEI 
is predominantly made up of LEDC. Within the 
def ined potent ial  range, these SEI 
components containing lithium remain stable. 
Because of this, the lithium that is used during 
delithiation cannot be completely recovered 
from the created SEI constituents, which 
results in permanent capacity loss and 
reduced coulombic efficiency during the initial 
cycle (Schroder, et. al., 2015). Si-1 improved 
electrochemical compatibility with Si and LiPF  6

electrolytes were highlighted by the slightly 
higher initial charge-discharge coulombic 
efficiency seen in Si-1 compared to Si-1.5 and 
Si-2.

           This suggests that the anodes have the 
following rate capabilities: Si-1 > Si-1.5 > Si-2. 
Examining these electrode typical charge-
discharge curves at particular rates lends 
credence to this claim. The electrode is more 
stable during discharge because the voltage 
hysteresis is reduced. The higher capacity of 
Si-1 electrode compared to Si-1.5 and Si-2 
anodes demonstrates superior adaptability of 
Si-1 and endurance as a protective shell for 
absorbing significant volume variations. As 
seen by Si-1 more stable behaviour, this 
improves cyclability. Because of their greater 
ability to transport electrons and ions more 
quickly, Si NPs operate more quickly than 
nonconductive binder (PAA). The better 
electrical conductivity and superior specific 
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capacities at high current densities of Si-1, as 
compared to Si-1.5 and Si-2, are evidence of 
its improved physical encapsulation of silicon.
           These variations imply that Si-1 
performs better in LIBs than Si-1.5 and Si-2, 
suggesting that Si-1 has an advantage over 
other materials as an anode material. In 
conclusion, using the magnesiothermic 
process and KBr as a scavenger, Si NPs were 
created from Oryza sativa husk. Three 
different Si NPs kinds were produced using 
this ecologically friendly method (Salah, et. al., 
2019).  As LIB anodes, all three varieties of Si 
NPs demonstrated excellent performance. Si-
1, Si-1.5, and Si-2 had specific capacities of 
3416, 3037, and 2847 mAh/g, respectively. Si-
1, Si-1.5, and Si-2 had lithiation potentials and 
delithiation potentials of 0.16, 0.21, and 0.25 V, 
respectively (Daulay et. al., 2022). 

Synthesis of activated carbon-decorated 
nanocrystals-silicon:
              Sekar et al. (2019) heated brown 
Oryza sativa Husks in an air atmosphere for 

0120 minutes at 500 C to collect the ash. After 
that, 1.0 g of ash and 0.2 g of magnesium (Mg) 
powder were mixed. This mixture was put in an 
alumina crucible and annealed for 120 minutes 

0at 700  C in an argon (Ar) environment. 
Magnesiothermic reduction took place 
throughout this procedure. The annealed 
mixtures underwent a 6-hour stirring 
procedure in 1 M hydrochloric acid (HCl) to 
isolate acicular nc-Si-enriched activated 
carbon nanocomposites and remove 
magnesium silicide (Mg Si) precipitates, 2

magnesium oxide (MgO) residues, and native 
silicon dioxide (SiO ) impurities. The next step 2

involved 1-hour reaction with 5% hydrofluoric 
acid (HF). The wet activated-carbon-
decorated silicon nanocrystal products were 
then collected from the resultant solution, 
filtered, and washed with deionized water 
before being dried under vacuum for 10 hours 

0at 80 C. The Brown Oryza sativa Husks was 
used to create the activated-carbon-decorated 
silicon nanocrystal nanocomposites utilising 
the magnesiothermic reduction technique 
(Figure 3a) (Sekar et. al., 2019).
              In addition, by integrating the benefits 

of both nanocrystals-silicon and activated 
carbon, the novel nanocomposite structure 
known as activated-carbon-decorated silicon 
nanocrystal, which consists of activated 
carbon embellished with nanostructured 
silicon (nc-Si), is predicted to enhance the 
electrochemical performance of LIBs. Building 
LIB anode combinations utilising nanocrystals-
silicon, activated carbon, and activated-
carbon-decorated silicon nanocrystal allowed 
researchers to test this idea by evaluating the 
electrochemical characteristics of materials. 
Initially, cyclic voltammetry (CV) profiles 
covering the voltage range of 0 to 3.0 V (vs. 

+Li/Li ) were captured for the prepared anodes 
using a scan rate of 0.1 mV/s. Different anodic 
peaks were visible in the LIB configuration with 
the nanocrystals-silicon anode (Figure 3b), 
which correspond to the incorporation of 
lithium ions into the nanocrystals-silicon. A 
cathodic peak at 0.66 V also formed during the 
first CV cycle and was brought on by the 
electrode surface developing a solid 
electrolyte interphase (SEI) layer as well as 
electrolyte breakdown. The subsequent 
stabilisation of CV curves from the second to 
fifth cycles is proof that the SEI layer prevents 
further electrolyte breakdown and improves 
LIB stability. The interaction of Li ions with the 
native SiO  present on the nanocrystals-silicon 2

surface is most likely what caused a wider 
cathodic peak to form at 1.65 V (Sekar, et. al., 
2019; Sun, et. al., 2014, 2015).
          During the first CV cycle, the activated 
carbon anode (Figure 3c) had a pronounced 
cathodic peak at 0.2 V, which was followed by 
stable following curves. This was most likely 
caused by the formation of an SEI layer on the 
activated carbon surface. In a similar manner, 
when using activated-carbon-decorated 
silicon nanocrystal as the anode. Although the 
nanocomposites included minute amounts of 
MgO residue, the device did not show any 
MgO-related peaks. The activated-carbon-
decorated silicon nanocrystal nanocomposites 
showed noticeably more powerful anodic 
responses than the nanocrystals-silicon 
instance. This shows that the highly 
conductive activated carbon nanosheets 
ins ide  the  ac t i va ted-carbon-s i l i con  
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nanocomposite system caused the activated-
carbon-decorated silicon nanocrystal to suffer 
faster electrochemical reactions (Sekar, et. al., 
2019).
                GCD measurements were used to 
assess the samples electrochemical 
properties. The init ial l i thiation and 
delithiations capacities for the nanocrystals-
silicon sample during the first cycle were 336 
and 75 mAh/g, respectively (Figure 3e). Due to 
the intrinsic oxide tendency to lithiate, the initial 
coulombic efficiency was thus only about 22%. 

stThe 1  discharge curve of the nanocrystals-
silicon sample (Figure 3e) exhibits a large 
plateau at about 0.09 V, which denotes the 
development of SEI layers and Li-Si alloys on 
the anode material surface. Due to limitations 
in electronic conductivity, sluggish chemical 
reactions, and a reduction in surface area, the 
GCD performance drastically declined in the 
second cycle (Sekar, et. al., 2019). The charge 
and discharge capacities for the activated 
carbon sample, which is depicted in Figure 3f, 
were 295 and 545 mAh/g, respectively. This 
resulted in a coulombic efficiency of 54%. The 
initial discharge curve suggested that the 
formation of the SEI layer might lead to a 
plateau at 0.8 V. After multiple charge-
discharge cycles, this plateau disappeared 
because of the stability of the carbon-based 
LIB anode (Sekar, et. al., 2019).
            When the activated-carbon-decorated 
silicon nanocrystal anode was employed, the 
LIB device displayed greater charge (510 
mAh/g) and discharge (716 mAh/g) 
capabilities than the other samples (Figure 
3g). The enhanced coulombic efficiency of 
ac t i va ted -ca rbon -deco ra ted  s i l i con  
nanocrystal anode was 71% as a result. This 
increased efficiency can be related to the 
structure of activated carbon-coated 
nanocrystals-silicon nanocomposite, which 
efficiently reduces unfavourable processes 
(such Li-Si alloying on the nanocrystals-silicon 
surface) and encourages electron diffusion 
because mesoporous nanocrystals-silicon is 

st present. The 1 discharge cycle showed three 
potential plateaus (0.3, 0.5, and 0.8 V) as a 
result of the formation of the SEI layer and the 
lithiation of amorphous Li Si and Si (Sekar, et. x

al., 2019). 
          The rate capability and cycle stability of 
LIBs with activated carbon and silicon 
nanocrystal anodes coated with activated 
carbon were then evaluated. The LIB device 
with the nanocrystal-silicon anode was 
excluded due to its poor electrical conductivity, 
as was already indicated. (Sekar, et. al., 2019).  

Figure 3: The experimental methods for 
s imul taneously  obta in ing s i l icon 
nanocrystal nanocomposites adorned with 
activated carbon from the biomass 
resource known as Brown Oryza sativa 
Husks (BOSHs), lithium-ion battery (LIB) 
device cyclic voltammetry (CV) curves 
using anode materials made of (b) nc-Si, (c) 
A C ,  a n d  ( d )  A C @ n c - S i @ A C  
nanocomposites, the scanning rate used 
for all of the CV measurements was 0.1 
mV/s. Galvanostatic charge-discharge 
(GCD) curves of LIB devices using (e) nc-
Si, (f) AC, and (g) activated-carbon-
d e c o r a t e d  s i l i c o n  n a n o c r y s t a l  
nanocomposites as anode materials, A 
current density of 100 mA/g was used for 
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the first GCD cycle, and a current density of 
200 mA/g was used for the subsequent 
cycles, (h) Rate performance for the LIB 
devices using the anode materials of AC 
nanosheets and activated-carbon-
d e c o r a t e d  s i l i c o n  n a n o c r y s t a l  
nanocomposites at different current 
densities and (i) Cycling performance and 
coulombic efficiency determined for LIB 
devices using AC@nc-Si@AC as anode 
materials under an applied current density 
of 200 mA/g.
                Figure 3h shows the rate 
performance of the LIBs based on the applied 
current density. The LIB with the activated 
carbon anode displayed reversible discharge 
capacities ranging from 214 to 83 mAh/g at 
applied current densities of 100 to 2000 mA/g. 
The silicon nanocrystal activated-carbon 
decorated anode of the LIB demonstrated 
reversible discharge capacities ranging from 
561 to 199 mAh/g at applied current densities 
of 100 to 2000 mA/g, respectively. Both times, 
when the applied current density was lowered 
to 200 mA/g after 25 cycles, the discharge 
capacity fully recovered, indicating good 
reversibility. However, the initial specific 
capacity (during the first cycle at 100 mA/g) 
and the specific capacity window (the variance 
of specific capacity with varying applied 
current density) were approximately 2.6 times 
and 1.5 times, respectively (Sekar, et. al., 
2019). 
            The silicon nanocrystal anode coated 
with activated carbon also showed excellent 
cycle performance and a good CE. As shown in 
Figure 3i, the activated carbon anode had a 
noticeably lower discharge capacity of 166 
mAh/g, which is only 0.38 times that of the 
ac t i va ted  carbon-decora ted  s i l i con  
nanocrystal anode, while the activated carbon 
anode maintained a high discharge capacity of 
429 mAh/g over 100 cycles. Additionally, the 
silicon nanocrystal anode-equipped LIB 
maintained a rather high CE of around 97.5% 
throughout 100 charge-discharge cycles.
             The discharge capacity observed here 
was enhanced by around 1.2 times in 
comparison to commercial graphite (372 
mAh/g), owing to the greater specific capacity 

of Si in activated-carbon-decorated silicon 
nanocrystal nanocomposites. The two-
dimensional shape and superior electronic 
conductivity of the activated carbon 
nanosheets in the silicon nanocrystal coated 
with activated carbon may improve ion 
diffusion and storage in LIBs.
            The strong structural stability of 
ac t i va ted -ca rbon -deco ra ted  s i l i con  
nanocrystal nanocomposites is responsible for 
these  excep t iona l  ra te  and  cyc l i c  
performances. In essence, the activated 
carbon nanosheets served as a protective 
coating or shell for the Si nanocrystals, 
minimising the volumetric changes in those 
crystals. The Li interaction with nanocrystals-
silicon was considerably hampered throughout 
the whole solid-state system of the activated-
carbon-decorated sil icon nanocrystal 
nanocomposite because the activated carbon 
shell allowed plenty of room for Li-ion diffusion 
during charge-discharge operations.
           The initial capacity of fully biomass-
derived activated carbon could still be raised, 
even though adding nanocrystals-silicon and 
highly conductive nanomaterials (like 
graphene, carbon nanotubes, conducting 
polymers, etc.) could be the next steps to 
improve the electrical conductivity and porosity 
of the entire composite material system, 
leading to further improvements in its 
electrochemical performance. 
             Finally, activated carbon made from 
brown Oryza sativa husks and silicon 
n a n o c r y s t a l s  A c t i v a t e d  c a r b o n  
nanocomposites have a high initial discharge 
capacity, reversible specific capacity, rate 
performance, cyclic stability, and coulombic 
efficiency. These nanocomposites have the 
potential to serve as high-performing anode 
materials for LIB devices (Sekar, et. al., 2019). 

Synthesis of nano-silicon:
            Husks of Oryza sativa were calcined for 
5 hours at 600 °C following Sudarman et al. 
Oryza sativa husk ash and a 10% sodium 
hydroxide (NaOH) solution were mixed for 
three hours at a temperature of 100°C and a 
rotational speed of 240 rpm. After being 
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filtered, the filtrate from the stirring procedure 
was gradual ly  combined wi th  37% 
hydrochloric acid (HCl) until the pH reached to 
7.0, which led to the precipitation of a 
precipitate. Silica (SiO ) gel was created after 2

extensively filtering and washing the 
precipitate with deionized water. The next step 
was to combine SiO2 gel with 98% magnesium 
powder in a weight-to-ratio of (1: 0.5, 1: 0.6, or 
1: 0.7). The last combination was sealed 
entirely in an autoclave made of stainless 
steel. The autoclave was then heated in a 
microwave for 10 hours at 180°C before being 
cooled for 12 hours at room temperature. The 
powder obtained was put through a purifying 
process. The purification procedure began 
with the addition of a 5 N hydrochloric acid 
(HCl) solution for 12 hours. The mixture was 
rinsed three times with deionized water, and 
then the silicon was removed by centrifuging 
the mixture at 4000 rpm for 30 minutes. Adding 
a 10% hydrofluoric acid (HF) solution for 15 
minutes was the second step in the purification 
process. Three rounds of washing with 
deionized water were followed by a 30-minute 
centrifugation at 4000 rpm to remove 
unreacted SiO  and other impurities produced. 2

Three samples were given the designations Si-
0.5, Si-0.6, and Si-0.7, with the numbers 0.5, 
0.6, and 0.7 designating the amounts of 
magnesium (Mg) powder used in each sample. 
Using a hydrothermal process, silicon (Si) with 
a diameter of only a few nm was produced in an 
aqueous solution. This required the SiO to be 2 

reduced using a mixture of Oryza sativa husk 
SiO gel and Mg powder. SiO gel and Mg 2 2 

powder reacted to form Si and magnesium 
oxide (MgO). The hydrothermal procedure, 
which comprises lowering SiO  at a 2

temperature of 180°C for 10 hours, results in a 
mixture of Si and MgO. High-purity nano-Si is 
produced through further purification 
procedures. To remove Mg, magnesium 
silicide (Mg Si), and MgO from the mixture, 2

hydrochloric acid (HCl) is added in the first 
purification stage. HF is added during the 
second purification stage to efficiently remove 
SiO . In Figure 4a, the hydrothermal technique 2

for synthesising nano-Si is shown graphically 
(Sudarman et al., 2023). 
          Additionally, cyclic voltammetry (CV) on 
Si-0.5, Si-0.6, and Si-0.7 was carried out at a 

-1scan rate of 0.2 mV s  throughout a voltage 
range of 0.01 to 1.5 V. In Figure 4b, the CV of 
Si-0.5 shows two reduction peaks at 0.38 V 
and 0.58 V, which are associated with the 
extraction of Li+ ions, and one oxidation peak 
at 0.16 V, which is associated with the insertion 

+ +of Li  ions. Li  extraction at 0.38 V, 0.56 V, and 
+ Li insertion at 0.16 V are all shown for Si-0.6 

CV in Figure 4c. The cyclic voltammetry of Si-
+ 0.7 (Figure 4d), which displays Li extraction at 

+0.38 V and 0.59 V and Li  insertion at 0.17 V, 
demonstrates similar results. The cathodic 
peak below 0.3 V, which is supported by the 
huge anodic peak in the CV curve, points to a 
single mechanism that converts nano-Si into 
amorphous Li Si (x = 3.75). However, the x

electrochemical procedure for producing 
Li Si at room temperature is not very 3.75

+advanced. Regarding the extraction of Li  from 
nano-Si, it is clear that Si-0.6 has the lowest 
value, demonstrating its superiority to Si-0.5 
and Si-0.7. Si-0.6 has pores that are larger 
than those of Si-0.5 and smaller than those of 
Si-0.7, which accounts for the disparity. Si-0.7, 
which has the smallest pore size in comparison 

+to Si-0.5 and Si-0.6, demonstrates greater Li  
extraction as a result (Sudarman et al., 2023). 
            Figure 4e shows how well nano-Si 
electrode cycled over 200 times. During the 
first cycle, Si-0.5, Si-0.6, and Si-0.7 exhibit 
capacities of 1575, 1757, and 1525 mAh/g, 
respectively. Notably, Si-0.6 is more capacious 
than Si-0.5 and Si-0.7, although Si-0.7 has less 
capacity than the other two (Sudarman et al., 
2023). 
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Fig. 4 The cycling performance of a nano-
silicon electrode over 200 cycles using the 
cyclic voltammetry (CV) of Si-0.5, Si-0.6, 
and Si-0.7 (Sudarman et al., 2023) 
          This finding emphasises how important 

+pore size is for Li  extraction and capacity. The 
increased capacity of Si-0.6 is a result of its 
bigger pore size, whereas Si-0.7 has the 
lowest capacity due to its smaller pore size. As 
a result, the pore size has a significant impact 
on lithium-ion battery capacity, favouring larger 
pore sizes for greater performance. The 
considerable volume changes that take place 

+throughout the Li  extraction and insertion 
cycles make Si employment as a LIB anode 
material challenging. Electrode cracking and 
capacity loss are frequent consequences of 
these volume fluctuations. Since Si NPs are 
naturally resistant to fractures, they are 
employed to reduce cracking. In addition to 
improving fracture resistance, the nanoscale 

+structure capacity to accept strain from Li  
extraction and insertion through plastic 
deformation lowers stresses during volume 
changes. Therefore, this study focuses on 
producing porous nanostructured Si in addition 
to employing Si with nanoparticle-sized Si. 
Due to the increased capacity that 
nanostructured Si offers compared to other 
anode materials, this strategy is essential. 
With a possibility for further improvement, the 

discharge capacity of 1757 mAh/g over 200 
cycles demonstrates the exceptional 
performance of nanostructured Si as a LIB 
anode, outperforming commercial batteries, 
graphite, and graphene (Sudarman et al., 
2023)  
          Thus the improved lithium-ion battery 
performance was made possible by novel 
synthesis techniques for advanced anode 
materials, including PANI-SiO @rGO 2

n a n o c o m p o s i t e s ,  s c a l a b l e  s i l i c o n  
nanoparticles from rice husk, nano-silica by 
hydrothermal processing, and AC@nc-
Si@AC nanocomposites. These methods 
provide increased stability, conductivity, and 
capacity, indicating a viable route to the 
creation of practical and affordable LIB 
devices.
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ABSTRACT

 Hydrophilic surfaces, which have an affinity for water molecules, are 
those that prefer water. Water molecules are attracted to hydrophobic surfaces 
because they reject water molecules. Surfaces that are particularly water-
repellent are known as superhydrophobic surfaces. Because of their great 
surface roughness and low surface energy, superhydrophobic surfaces allow 
water droplets to easily bead up and slide off. During the present investigation, 
beautiful materials found in nature have been explored to examine their water-
loving, water-hating, and superhydrophobic characteristics. Aloe vera, rose 
petals, gerbera blossoms, Aloe barbadensis, miller leaves, and anthurium 
flowers are some of the botanical blooms that have been included for present 
study. All naturally occurring substances possess a reduced surface tension. 
Water has lower surface tension than most other naturally occurring substances. 
It was observed that the contact angles of the water droplets on the rose petals 
altered at three different time points: 120 minutes, 240 minutes, and 360 
minutes.

Keywords: Anthurium, Aloe Vera, Colocasia, Gerbera Flower, Rose Petal

Introduction:

 Many natural surfaces exhibit 
characteristics of water affinity, water aversion, 
and water repellency (Darmanin, and Guittard, 
2014; Darmanin, et. al., 2013) Nature has 
produced insects, animals, and plants for 
millennia. The Cassie-Baxter and Wenzel 
models explain how the topography and shape 
of surfaces greatly influence their water-hating 
characteristics (Wenzel, 1936; Cassie and 
Baxter, (1944). The existence of microscopic 
hairs on leaves is thought to be responsible for 
their superhydrophobic qualities, which have 
been documented in the literature. Vertical 
hairs are found on lady's mantle (Brewer and 
Willis, 2008) while horizontal hairs are being 

observed on poplar leaves and ragwort (Gua 
et. al., 2005; Ye, et. al. 2011). Animals with 
water-repellent qualities include geckos, 
butterflies, and water-walking arthropods. 
Animals and birds, like cicada, translucent 
butterfly wings, water-walking arthropods, and 
gecko foot, have some of the most well-known 
naturally water-repellent surfaces in the 
universe. Cactus spines, the skin of the filefish 
Navodon septentrionlis, shark skin (Cai, et al., 
2014), leafhoppers (Rakitov and Gorb, 2013), 
and springtail surfaces all exhibit underwater 
superhydrophobic qualities (Nickerl, et. al., 
2013 It is crucial for water repellence qualities 
to remain stable even after pressure that 
accounts for the dual action of rainfall 
(Nosonovsky and Bhushan, 2008).
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Super hydrophobicity:
Young's State: The Young equation relates 
the three surface tensions of liquid-vapor, 
solid-vapor, and liquid-solid and predicts the 
contact angle between a liquid droplet and a 
solid surface. This prediction holds true 
independent of the surface chemistry 
(Young,1805). The Young equation explains 
the liquid's contact angle with a perfectly 
smooth, chemically homogeneous solid 
surface as shown in Figure 1a and explained in 

Where the Young's contact angle (θ) is and r is 
the roughness ratio. The ratio of the 
anticipated surface area to the actual surface 
area is known as the roughness parameter, or 
r. When a surface is completely smooth, r = 1, 
and when a surface is rough, r > 1. The 
Wenzel state states that for materials having a 
contact angle larger than 90° (intrinsically 
water-hating materials), wetting is minimized 
by roughness.

Figure 1: The wetting behaviour of a liquid 
droplet on a rough solid surface under 
three different states: a) Young's state, b) 
Wenzel's state, and c) Cassie-Baxter state.

Cassie- Baxter's State: 
            The heterogeneous state or composite 
state are other names for the Cassie-Baxter 
state. The Cassie-Baxter condition of wetting 
is seen in Figure 1c, where the grooves 
beneath the droplet are filled with vapour 
rather than liquid (Cassie, and Baxter, 1944). 
The most crucial characteristic of a coating 
designed to repel water is robustness. Even 
after being released, the substance retains its 
high-pressure qualities. The rise in the solid-
vapor barrier at low H makes the Cassie-
Baxter state a good predictor of water-
repellence qualities. It also has anti-icing (heat 
transfer), anti-corrosion (batteries, water 
desalination, and ion penetration), and anti-
corrosion (ion penetration) capabilities. In spite 
of a rise in surface roughness, the material's 
inherent characteristics get better. There are 
two phases that make up the liquid surface 
interface: the liquid-vapor interface and the 
liquid-solid interface.

the following equation.
              Where γ , γ  and γ represent the lv sv sl 

surface tensions at the interfaces between 
solids and liquids, respectively. A contact angle 
(θ) is created when a single drop of fluid (oil or 
water) is deposited on a solid surface. The 
Young equation only holds true for smooth 
surfaces; hence it cannot be used to describe 
textured surfaces. A liquid contact angle (θ) 
with a rough surface will be different from that 
of a liquid with a smooth surface since wetting 
surfaces are chemically diverse, they are more 
complicated and rougher. The effect of surface 
roughness on contact angle can be studied in 
two modes or states. 

Wenzel's State: Figure 2b illustrates the 
contact angle model that created by Wenzel 
for rough surfaces, which allows liquid to 
completely permeate into the rough grooves 
(Wenzel, 1936). Due to the increase in the 
solid-liquid interface in the rough grooves, air 
bubbles may become trapped there, but only if 
the height of the asperities (H) is high enough. 
In this instance, a liquid droplet (oil or water) is 
present on a composite surface, and the 
Cassie-Baxter model is used to characterise 
the wetting nature as:



           The contributions of the various phases 
are combined to generate the apparent 
contact angle, where w is the apparent 
contact angle and 1 and 2 are the surface 
fractions of phases 1 and 2, respectively.  
Phase 1 and Phase 2's respective contact 
angles are 1 and 2, respectively. The solid 
fraction, symbolised by the Greek letter, refers 
to the area of a solid surface that has been 
moistened by a liquid when one of the 
surfaces is the air-liquid interface. (1-φ) 
represents the air fraction. Because it 
included the air component, in the 
denominator, the original equation was 
wrong. The air percentage should be in the 
numerator since it represents the portion of 
the surface that is not moistened by liquid.

in water and have a great attraction for it. 
Water-loving is the opposite of water-repelling. 
There are numerous uses for surfaces that 
attract or repel water. Figure 2a illustrates 
water-loving compounds that can corrode 
metal surfaces and alloys. Polar molecules are 
also described as molecules that love water. 
Because it can form hydrogen bonds and is 
frequently polar, a molecule's water-loving 
component can dissolve in water more quickly 
than its oil- or other water-hating solvent-loving 
counterpart. It may appear as though water 
molecules in the air are drawn to substances 
that love water. In settings with considerable 
condensation and for shielding exchangers 
from water's corrosive effects, hydrophilic 
coatings are very useful. Additionally, 
hydrophilic coatings do exceptionally well at 
keeping out water in hot and salty situations.

Hydrophobic Nature:  
� Figure 2b illustrates how the words 
"water-hating" and "hating water" have Greek 
roots that imply "phobia" and "hydrophobia," 
respectively. Scientists refer to nonpolar 
substances as being "hydrophobic" because 
they do not combine with water molecules. 
Examine that definition in more detail. Since its 
atoms carry a partial charge, hydro is a polar 
molecule. The most electronegative atom is 
oxygen, whose core electrons in each bond 
are extremely close to one another. Any 
charged substance will interact with hydro 
molecules to dissolve, whether it has a positive 
or negative charge. In essence, molecules that 
dislike water are non-polar, which means they 
don't have a net charge. These molecules lack 
any connections between charges that would 
enable them to interact with hydro while not 
having any charges. Water Hating substances 
frequently insoluble in water or any other 
solution with a predominately watery 
environment. In many areas of biology, 
including the structure of animals, cellular 
function, and molecular interactions, the traits 
of being water-hating or non-polar are crucial.

          When the surface reaches unity (1), the 
liquid droplet will expand out to cover the 
entire area. The liquid droplet will not even 
come close to the surface when surface = 0. 
For a flat surface, the solid fraction varies from 
0 to 1. In this condition, the droplet can readily 
roll over the solid surface due to the narrow 
contact area between them.   
Contact angle: When a surface is 
superhydrophobic, it displays high water 
contact angle (WCA > 150°) and low water 
contact angle hysteresis (CSH 10°). This 
surface is not only self-cleaning, but also 
water-repellent (Su, et al., 2010; Bhushan, and 
Her, 2010; Bormashenko, et. al., 2006) 
Contact angle hysteresis (CHA) is the 
distinction between advancing and receding 
contact angles (Ferrari and Ravera, 2010; 
Nosonovsky, and Bhushan, 2008). When 
water droplets form on a superhydrophobic 
surface, they take on a nearly spherical shape 
and readily move when subjected to low tilting 
angles.

Hydrophilic Nature:
           Hydrophilic compounds readily dissolve 
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Figure 2:  three different surface types: a) 
hydrophilic, b) hydrophobic, and 3) 
superhydrophobic.

Water Repellence:
           Super-hydrophobic surfaces are very 
water-repellent, making it very difficult to wet 
them. On a superhydrophobic surface, a water 
droplet's contact angle is greater than 150°, 
and the difference between its advancing and 
receding contact angles is less than 10°. A 
droplet can entirely bounce after colliding with 
a superhydrophobic surface, much like an 
elastic sphere. This is also referred to as the 
lotus effect, after the self-cleaning properties of 
the leaves of the lotus plant.

Experimental Details and Results:
Rosaceae Petals:

          Rosaceae and the genus Rosa contain 
the most well-known flower in all of nature. The 
petals of Rose (Rosa damascene) of the family 
Rosaceae, are amphiphilic, meaning they 
have both a love of and a dislike of water. Even 
with the petal turned upside down, a water 
droplet that is small enough will slide off. High 
sticky forces are incompatible with water 
repellence. Chinese researchers have 
established that rose petals and water have an 
unusual bond that is not shared by other 

Figure 3: Images of Rosaceae petals at 
different times, illustrating their 
water-hating and water-repellence 
properties.

plants. The micro-nanoscale topography of a 
rose petal comprises hills and valleys. The 
large valleys allow a small amount of water to 
soak in, creating a sticky surface on which 
smaller droplets can condense and stick to the 
petal. Since the surface of the rose petals is 
amphiphilic, it has both water-loving and 
water-hating characteristics. While the water-
hating portions of the petals vigorously oppose 
water, the water-loving sections have a great 
attraction for it. The irregular topography of 
small valleys. Rose petals' micro-papillae 
produce two reactions in response to water. 
Larger droplets are repelled by the micro-
papillae and tiny valleys. Water-hating and 
water-repellence are two characteristics 
displayed by rose petals. Following a few 
minutes, after 120 minutes, after 240 minutes, 
and after 360 minutes, it was noted that the 
contact angles altered during the course of the 
current investigation. 

Asteraceae Flower:

Figure 4: Images of Gerbera petals at ?
different times, illustrating their 
water-loving, water-hating, and 
water-repellent properties.
 The Asteraceae family's Gerbera 
flower is well-known. The gerbera flower is 
three-lobed, strap-shaped, and the individual 
flowers are found in the heads (Barthlott, and 
Neinhuis, 1997). Its aversion to water is one of 
its most significant characteristics. The micro-
nanoscale surface area of gerbera flowers 
gives them the ability to both love and hate 
water. In the current investigation, it has been 
shown that the contact angles change over the 
first few minutes, following 120, 240 and 360 
minutes. 
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Figure 6: Images of Colocasia (Araceae) 
leaves at different times, illustrating their 
water-loving and water-repellence 
properties.

Figure 7 Images of the Anthurium flower 
(Araceae) are shows water loving and 
water hating properties at different time. 

Colocasia:

 The elephant ears, often referred to as 
Colocasia, are the most well-known leaves in 
the world. Elephant ears belong to the Araceae 
family and the Colocasia genus. Colocasia 
leaves exhibit water-loving, water-hating, and 
water-repellent surface characteristics. In 
current investigation, it was found that the 
contact angles altered after a few minutes, 
after 120 minutes, and after 240 and 360 
minutes. 

Anthurium:
          The genus Anthurium includes perennial 
evergreen plants that are part of the Araceae 
family. Anthurium plants have subterranean 
rhizomes and adventitious roots. Anthurium 
plants create a long-lasting, vivid spathe that 
comes in a variety of colours, including cream, 
pink, red, light red, white, dark red, green, 
lavender, and salmon pink. Most of the time, it 
is planted as a crop for cut flowers because of 
its spadix, which is prized for its colorful, long-
lasting spathe. Anthurium plants are famous 
for their variety of colors, massive effect, and 
elegance. 
          The surface characteristics of Anthurium 
flowers in this study demonstrated both water-
loving and water-repelling characteristics. The 
contact angles were seen to fluctuate 
throughout the course of the investigation at 
the following intervals: i.e., after 120, 240, and 
360 minutes.

Aloe barbadensis:
 Aloe vera belongs to the family 
Asphodelaceae and genus Aloe. Aloe 
barbadensis leaves have microstructures with 
tiny height and high pitch values, which change 
the contact angle between a surface and a 
water droplet (Bhushan and Her, 2010).  The 
wetting state may be reached if water 
impregnates between microstructures 
(Bormashenko, et al., 2006). The hydrophobic 
liquid's contact area with the surface is less 
than in the Wenzel state but greater than in the 
intermediate wetting state. Aloe barbadensis 
leaves are water-loving due to their wide 
surface area. Aloe barbadensis leaves exhibit 
all three water-loving, water-hating, and water-
repellency properties. The contact angles 
were seen to fluctuate throughout the course of 
the investigation after a few, 120, 240 and 360 
minutes.

Figure 8: Asphodelaceae that simultaneously 
display their water-loving characteristics. 
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              During present investigation, the 
water-loving, water-hating, and water-
repellency qualities in Nature's exquisite 
materials were investigated. The rose petals 
were water-hating and water-repellent in 
nature. High adhesive forces were not always 
associated with water repellence. The petals of 
a red rose had curious relationship with water, 
but not for other liquids. Rose petals have a 
water-loving surface that strongly attracts 
water while water-hating surfaces strongly 
repel water. Rose petals had water-hating and 
water-repellent characteristics, but the latter is 
the more significant one. A surface's ability to 
self-clean entails that it can eliminate dirt and 
debris by dispersing water droplets. The 
leaves of Colocasia leaves had characteristics 
that attract, resist and love water. Aloe Vera 
leaf surface area demonstrated its affinity for 
water. Water-loving, water-hating, and water-
repellent qualities were found to be present in 
every flower, petal and leaf. It has been shown 
that the contact angles change over the first 
few minutes, the following 120, 240 and 360 
minutes.
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ABSTRACT

 This review focuses on utilisation of Oryza sativa Husk as a source for 
silicon nanoparticles (Si NPs) that are created via magnesiothermic reduction 
and used in composite anodes for lithium-ion batteries (LIBs). The production of 
silicon nanoparticles (Si NPs) has been explained and, their electrochemical 
characteristics, and possibility for activated carbon-decorated silicon 
nanocrystals (AC@nc-Si@AC) to serve as high-capacity anode materials have 
been discussed. The study emphasises cost-effective, synthesis techniques for 
creating environmentally acceptable energy storage technologies with the use 
of biomass.

Introduction:

 The majority of people in the world 
consume rice (Oryza sativa) regularly. To fulfil 
the demands of the expanding population, it is 
crucial to cultivate Oryza sativa sustainably. In 
recent years, the world has consumed about 
470 million metric tons of Oryza sativa (Wong, 
et. al., 2014). Millions of tonnes of Oryza sativa 
husk is produced during the manufacturing of 
rice. Although Oryza sativa husk can be 
utilised to make fuel, fertiliser, and building 
materials, it is frequently considered a waste 
product (Rodr´ıguez de Sensale, 2006; 
Kamenidou et. al., 2010; Duan et. al., 2013; 
Fang et. al, 2004). Even though Oryza sativa 
husk decomposes naturally, the readily 
available quantity may convert it as a resource 
for novel technologies for the benefit of 
mankind.  
           Oryza sativa husk contains a high 
proportion of Silicon dioxide (SiO ), Depending 2

on the type of soil used to cultivate Oryza 
sativa, the SiO content in its husk ranges from 2 

10 to 20 %   (Chandrasekhar et. al., 2003). The 
Oryza sativa husk can be pre-treated with 
various acids before being pyrolyzed to 
recover SiO from it (Yalcin and Sevinc, 2001; 2 

Kalapathy, et. al., 2002; Liou, 2004; Adam, et. 

al, 2012). The characteristics of silicon dioxide 
recovered from husk vary with the source or 
raw material. Even the amount of SiO differs 2 

across Oryza sativa husks from different 
geographical areas. This may have an impact 
on the SiO extraction characteristics, including 2 

purity, particle size, and shape (Carmona, et. 
al., 2013; Le, et. al., 2013). The SiO obtained 2 

from the Oryza sativa has a nanoscale shape. 
SiO  can be converted into silicon (Si) by 2

employing magnesiothermic reduction 
method, wherein magnesium (Mg)powder and  

SiO are heated in a furnace until they react. 2 

Pure Si is left behind when the SiO and 2 

magnesium react with the oxygen to generate 
magnesium oxide (MgO) (Banerjee et. al., 
1982). In this way, SiO  can be converted to Si 2

in its original shape via magnesiothermic 
reduction method. Since the reaction is carried 

0out at a temperature of 600 C the silicon 
nanoparticles (Si NPs) can be subjected to 
sintering into a bulk substance. During 
sintering, the particles come together to create 
a solid mass. It takes less time for the particles 
to sinter together when the reaction is carried 
out at a low temperature, resulting in smaller, 
more homogeneous Si NPs. Thus it is possible 
to use silicon dioxide nanoparticles (SiO  NPs) 2

as a raw material to create Si NPs. This might 
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result in the creation of innovative and effective 
processes for Si NPs synthesis (Sun and 
Gong, 2001).  This process enables the 
possibility of using low-cost Si NPs in lithium-
ion battery systems. This might result in the 
creation of lithium-ion batteries (LIBs) that are 
more cost-effective and environmentally 
friendly (Xing, et. al, 2013; Liu, et. al., 2013; 
Junget. et. al., 2013). 
                In upcoming LIBs, Si NPs will be a 
potential anode material. This is due to 
enormous capacity of Si to store a large 
amount of energy (Kasavajjula et. al., 2007). 
Furthermore, Si NPs have a large surface 
area, which increases their reactivity with 
lithium ions. This may result in quicker 
charging and discharging times as well as 
increased battery performance. Theoretically, 
Si is the alloying material that can react with 
lithium ions. The capacity of producing 4200 
mAh/g during this reaction, at room 
temperature, is 10-12 times larger than the 
specific capacity of conventional graphite 
based anodes. LIBs, made with the help of Si-
based materials have an issue with volume 
expansion during the charge-discharge cycle. 
This is due to the many alloy formation stages 
that Si goes through during the charge-
discharge cycle, which causes it to expand and 
contract. The Si anode may break as a result of 
this growth in the volume, which could affect 
the battery performance and lifespan 
(Boukamp, 1981). A similar issue that can be 
experienced with Si-based materials is their 
inherently low conductivity. This indicates that 
Si is a poor conductor of electricity, which may 
reduce the battery capacity (Lee, et al., 2010; 
Magasinski, et. al., 2010). In addition to its low 
working voltage, abundance on Earth, and low 
toxicity, Si has several further advantages as 
an anode material for LIBs (Entwistle, et. al., 
2018).
 Lithium ions are injected into the 
material in a process known as intercalation 
that produces lithiation in conventional 
electrode materials. The intercalation method 
results in very few structural changes and with 
high retention capacity. On the other hand, Si 
and lithium combine to form an alloy that 
requires periodic cycles of contravention and 
re-establishing chemical connections with the 

host structure. Low conductivity and the 
possibility of volume increase are the main 
drawbacks of adopting Si as an anode material 
for LIBs. The Si can swell by as much as 280% 
when a lot of lithium ions are injected into it. 
The Si anode may fracture and break as a 
result of the volume increase, which could 
result in a decrease in battery performance 
and life. The composite electrode may sustain 
structural degradation due to the dimensions 
increase of Si during cycling, which isolates the 
active component and reduces capacity. This 
poses a significant obstacle to the creation of 
Si anodes with large capacities and long cycle 
lives (Entwistle, et. al., 2018).
           The synthesis of SiO  and Si materials 2

for LIBs from the husk of Oryza sativa, using 
v a r i o u s  e x t r a c t i o n  m e t h o d s  a n d  
magnesiothermic reduction, have been 
discussed in this communication. 

Synthesis:
           Ratsameetammajak et al. (2022) 
described the process of preparing silica from 
the husk of Oryza sativa (rice). Rice husks are 
taken from farms and washed in water. They 

oare then completely dried at 100 C. To get rid 
of any metallic impurities, rice husks are 
soaked in an aqueous solution of hydrochloric 
acid (HCl) overnight. In order to achieve the pH 
value of pH of 7, rice husks are thoroughly 
rinsed in water. Then the rice husks are dried at 
100 °C, and subsequently burnt in a muffle 
furnace at 700 °C for two hours. The burning 
process is repeated once again to ensure the 
perfect removal of organic matter and the 
creation of rice husk ash, an ample source of 
silica. Where the silica comes from. Below is a 
summary of the process used to create 
reduced graphene oxide (rGO): An adaptation 
of the Hummers process is used to create 
graphite oxide (GO) from graphite powder. In a 
non-reactive atmosphere for 5 hours, reduce 
the GO in a tube furnace at 800 °C 
(Autthawong et. al., 2020)              
 The process of creating the composite 
material made of SiO @rGO with a proportion 2

of 30:70 can be summed up as follows: 
Prepare recently generated SiO  by 2

precipitating it for 2 hours at 120 °C in a NaOH 
solution. In the suspension, distribute rGO by 



utilising a hydrochloric acid solution. 
       Graphene oxide (GO) is a unique material 
that can be viewed as a single monomolecular 
layer of graphite with various oxygen-
containing functionalities such as epoxide, 
carbonyl, carboxyl, and hydroxyl groups. 
Reduced graphene oxide (RGO) is the form of 
GO that is processed by chemical, thermal and 
other methods to reduce the oxygen content. 
As graphite oxide is a material produced by 
oxidation of graphite, it leads to increased 
interlayer spacing and functionalization of the 
basal planes of graphite.
             Raise the pH of the mixture to 7. Keep 
aside overnight at room temperature, and then 
stir the mixture.  Rinse the mixture with 
deionized (DI) H O and ethyl alcohol 2

(CH CH OH) and then centrifug. Dry the 3 2

sample thus obtained in a hot air oven at 60 °C 
as described by Ratsameetammajak et. al., 
(2022). 
          The creation of the composite material 
(SiO @rGO and Polyaniline) including SiO / 2 2 

rGO and Polyaniline (PANI) can be summed 
up as follows: In a mixture of 10 mL ethanol, 5 
ml deionized water, and 5 ml H SO , make a 2 4

suspension of SiO @rGO. To produce a 2

consistent  d ispersion,  sonicate the 
suspension. While agitating ferociously in an 
ice bath, dropwise add the aniline monomer to 
the solution. Stir the solution for 6 hours in an 
ice bath while adding Ammonium Persulfate 
((NH ) S O ). When polymerization takes place 4 2 2 8

leading to the formation of polyaniline 
emeraldine salt, the solution will turn dark 
green. To achieve a clear solution, repeatedly 
wash the suspension in H O and CH CH OH.2 3 2

            The electrochemical behaviour of the 
PANI-SiO @rGO composite was further 2

studied in a coin-type cell utilising lithium foil as 

the reference and counter electrodes. A 
composite anode made of SiO  and rGO was 2

used in parallel tests to compare the results. 
The initial three lithiation-delithiation curves of 
the SiO @rGO and PANI-SiO @rGO 2 2

electrodes at a potential range of 0.01-3.00 V 
+ -1(vs. Li/Li ) at a current density of 0.4 A g  are 

shown in Figures 1b and 1c, respectively. 
            The SiO @rGO composite electrode's 2

initial lithiation and delithiation specific 
capacities were 1012 and 300 mAh/g, 
respectively, however, it had a poor coulombic 
efficiency (CE) of 29.6%. The PANI-
SiO @rGO composite electrode initial 2

lithiation/delithiation specific capacities, on the 
other hand, were 1508 and 647 mAh/g, 
respectively, with a CE of 42.9%. The 
reduction of silica in SiO @rGO and PANI-2

SiO @rGO composites, results in lithium loss, 2

causing initial low CE. The potential gradient 
plateaus on both electrodes, which range from 
1.5 to 0.5 V, clearly show the formation of a 
solid electrolyte interphase (SEI) layer 
(Ratsameetammajak et. al., 2022). 
               The existence of stable plateaus 
during early cycles is an evidence of this 
reaction (Figure 1d). The subsequent cycles 
show that the SEI layer is only formed in the 
initial cycle, as the slopes gradually become 
sharper and the hills gradually get smaller. The 
charge voltage profiles become noticeably 
steeper rather than staying flat at potentials 
higher than 1.5 V. This invention can be 
attributed to solvent degradation processes 
occurring on the oxide electrode surface, 
w h i c h  p r o d u c e d  t h e  S E I  c o a t i n g  
(Ratsameetammajak et. al., 2022). 
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Figure 1(a-f) (a) the synthetic pathway for 
the preparation of the PANI-SiO @rGO 2

composite, lithiation-delithiation profiles 
for the composites PANI-SiO @rGO and 2

-1SiO @rGO measured at 400 mA g  in 2

current density (b) and (c), during the first 
three cycles, cyclic voltammograms (CV) of 
the PANI-SiO @rGO electrode were 2

-1recorded at a scan rate of 0.1 mV s  and are 
displayed in (d), SiO @rGO and PANI-2

SiO @rGO composites long-term cycling 2

stability and Coulombic efficiency 
-1comparison at 400 mA g  are depicted in 

(e). SiO @rGO and PANI-SiO @rGO 2 2

composites rate performance evaluation is 
depicted in (f).
            During the initial cycle of delithiation 
and lithiation, a layer on the surface of anode 
known as the SEI film develops. It is produced 
by the interaction of the electrode material and 
the electrolyte at the solid-liquid interface. It is 
thought that the partial breakdown of the SEI 
coating was mostly due to the initial poor CE. 
The initial coulombic efficiency of PANI-
SiO @rGO electrode is greater than that of 2

SiO @rGO composite electrode. This is 2

because the PANI covering shell prevents the 
electrolyte at SiO @rGO surface from 2

decomposing.  
              Figure 1e compares the long-term 
cycling stability of SiO @rGO nanocomposite 2

(NC) electrode with the PANI-SiO @rGO 2

composite electrode. The PANI-SiO2@rGO 
NC anode has outstanding long-term cycling 

-1performance at 0.4 A g  and maintains a high 
reversible capacity of 680 mAh/g after 400 
cycles, which is about twice as much capacity 
as standard graphite anodes. In comparison, 
after 215 cycles, SiO @rGO NC electrode can 2

only discharge 414 mAh/g. This shows that 
only mild pulverisation of SiO  in the PANI-2

SiO @rGO NC occurred. The PANI coating 2

efficiently slows down electrolyte degradation 
on the surface of SiO  and serves as a flexible 2

protective layer to absorb SiO  volumetric 2

changes.
            The results presented above make it 
clear that the PANI shell outstanding 
mechanical qualities may prevent SiO2 

nanoparticle volumetric alterations. This 
capability guarantees that the working 
electrode structural integrity is maintained 
throughout discharge and charge cycles, 
greatly enhancing the electrode sustained 
stability over time.
            The rate performance of PANI-
SiO @rGO and SiO @rGO NC electrodes was 2 2

evaluated at different current densities ranging 
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-1from 0.1 to 2.0 A g , as shown in Figure 1f. At 
the corresponding current densities of 0.1 to 2 

-1A g , the PANI-SiO @rGO NC electrode 2

displayed discharge capacities ranging from 
-1563.6 to 217.1 mAh/g. After cycling at 2 A g , 

the electrode maintained a discharge capacity 
-1of 539.4 mAh/g when cycled back to 0.1 A g , 

illustrating its excellent rate performance. 
These results show that using PANI-
SiO @rGO NC is an effective way to improve 2

the electrochemical properties of SiO @rGO 2

(Ratsameetammajak et. al., 2022).  
               N-doped carbon coated       PANI-
SiO @rGO NC has superior lithium storage 2

capacity. Which can be attributed to their 
distinctive structure. SiO  nanoscale 2

properties shorten the lithium ion diffusion 
path, which enhances lithium-ion diffusion and 
electronic transport. however, the rate 
capability may suffer. The encircling rGO 
sheets on the SiO surface have generated a 2 

continuous conductive channel that connects 
the SiO  nanoparticles, considerably 2

improving the conductivity of PANI-SiO @rGO 2

NC electrode. SiO  pulverisation is avoided 2

because the PANI materials elasticity 
effectively adapts to the NC volume variations 
during the Li-alloying and dealloying 
operations (Ratsameetammajak et. al., 2022; 
(Liao, et. al. 2020; Charlton, et. al., 2020, 
Chen, 2019). In conclusion, PANI-SiO @rGO 2

NC had an improved initial CE of 42.9% and a 
high specific capacity of 680 mAh/g at 400 
mA/g after 215 cycles (Ratsameetammajak et. 
al., 2022). 

Synthesis of silicon nanoparticles:
 Daulay et al. (2022) heated Oryza 
sativa husk at 600°C for 5 hours to produce 
ash.  Thereafter the ash and NaOH were 
combined and stirred for three hours at 240 
rpm and 100°C. The mixture was filtered, and 
HCl was added until a pH reached 7.0, The 
precipitate was filtered out and residual 
solution was heated at 100°C for three hours 
again for precipitation, which was again 
removed by filtration. After several rounds of 
washing with distilled water and drying, SiO  2

was produced in the form of powder. It was 
then mixed with KBr with a ratio of 1:10, 

deionized water was added, and stirring was 
carried out for three hours. The combination 
was subjected to ultrasonication for six hours. 
The residue produced after ultrasonication 
was separated by decantation, and the filtrate 
was allowed to dry for 12 hours. The dry 
powder was mixed with Mg powder in various 
ratios (1:1.0, 1:1,5, 1:2.0). The next calcination 
procedure was undertaken at 800°C for 8 
hours. During the first purification stage, 150 
mL of deionized water and 15 mL of ethanol 
were added. After that, there was 3 hours of 
agitation. Centrifugation of the mixture was 
done for 30 minutes at a speed of 4000 rpm. 
After being regularly cleaned with deionized 
water, it was dried for six hours at 80 °C. The 
second stage involved addition of 150 ml, 5 N 
HCl and a 12-hour rest period. The sample was 
dried at 80 °C for 6 hours, washed with 
deionized water, and then centrifuged once 
again for 30 minutes at 4000 rpm. Then 150 mL 
of 10% hydrogen fluoride (HF) was added as 
the last stage, and the mixture was allowed to 
settle for 15 minutes. The mixture was first 
dried, followed by several washes in deionized 
water, and a second drying step was six hours 
at 80 °C. Si-1, Si-1.5, and Si-2 thus produced 
were labelled. (Daulay, et. al., 2022).
                Figure 2b displays cyclic 
voltammetry profiles for Si NPs. The data 
demonstrated that as the ratio of SiO  and Mg 2

i n c r e a s e s  d u r i n g  r e d u c t i o n ,  t h e  
magnesiothermic reduction causes a higher 
reduction peak associated with the production 
of delithiation as well as oxidation peaks, 
associated with the lithiation to Si. Cyclic 
voltammetry (CV) was used to measure the 
activation process for Si-1, Si-1.5, and Si-2 
electrodes with a voltage range of 0.01 to 1 V 

+ -1(against Li /Li) and a scan rate of 0.2 mVs . 
The CV analysis of Si-1 (Figure 2c) revealed 
lithiation-related reduction peaks (0.16 V) as 
well as the delithiation-related oxidation peaks 
(0.31 V and 0.54 V). Figure 2d depicts the 
lithiation of Si-1.5 at 0.21 V and its delithiation 
at 0.37 V and 0.57 V. In Figure 2e, the lithiation 
(0.25 V) and delithiation (0.45 V and 0.61 V) 
peaks for Si-2 are displayed. These peak 
intensities increase during the cycles, 
suggesting that more lithium ions are possibly 
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moving between the electrode and electrolyte. 
This indicated gradual activation of 
substances. Compared to Si-1.5 and Si-2, Si-1 
showed less significant peaks in both lithiation 
and delithiation. More efficient transport of 
lithium ions from the cathode to the anode and 
vice versa is shown by smaller lithiation and 
delithiation peaks in CV (Daulay et. al., 2022).
            The rate capability study for the Si-1, 
Si-1.5, and Si-2 electrodes is shown in Figure 
2f. The first cycle is performed to ensure that Si 
is adequately activated, as shown by cyclic 
voltammetry, which aids in the creation of a 
stable solid electrolyte interphase (SEI) layer 
(Liu et. al., 2006).  Si-1, Si-1.5, and Si-2 
electrodes, respectively, had initial discharge 
capacities of 3416, 3037, and 2847 mAh/g. 
54.9, 85.4, and 85.6 % are the comparable 
Conformite Europeenne (CE). The silicon 
lithiation potential range (0.01 V to 0.50 V) is 
higher than the carbonate-based lowest 
unoccupied molecular orbital (LUMO) 
electrolyte. When a voltage is applied, Si is 
lithiated, resulting in the formation of an 
amorphous solid electrolyte interface (SEI). By 
reductively destroying the electrolyte, this SEI 
is created. The native oxide layer on the Si 
surface is damaged during the initial lithiation 
process, which causes an inner SEI 
predominantly made of lithium ethylene 
dicarbonate (LEDC) and Li SiO  to develop. x y

While the continuing discharge causes LiF to 
be produced, a significant amount of outer SEI 
is predominantly made up of LEDC. Within the 
def ined potent ial  range, these SEI 
components containing lithium remain stable. 
Because of this, the lithium that is used during 
delithiation cannot be completely recovered 
from the created SEI constituents, which 
results in permanent capacity loss and 
reduced coulombic efficiency during the initial 
cycle (Schroder, et. al., 2015). Si-1 improved 
electrochemical compatibility with Si and LiPF  6

electrolytes were highlighted by the slightly 
higher initial charge-discharge coulombic 
efficiency seen in Si-1 compared to Si-1.5 and 
Si-2.

           This suggests that the anodes have the 
following rate capabilities: Si-1 > Si-1.5 > Si-2. 
Examining these electrode typical charge-
discharge curves at particular rates lends 
credence to this claim. The electrode is more 
stable during discharge because the voltage 
hysteresis is reduced. The higher capacity of 
Si-1 electrode compared to Si-1.5 and Si-2 
anodes demonstrates superior adaptability of 
Si-1 and endurance as a protective shell for 
absorbing significant volume variations. As 
seen by Si-1 more stable behaviour, this 
improves cyclability. Because of their greater 
ability to transport electrons and ions more 
quickly, Si NPs operate more quickly than 
nonconductive binder (PAA). The better 
electrical conductivity and superior specific 
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capacities at high current densities of Si-1, as 
compared to Si-1.5 and Si-2, are evidence of 
its improved physical encapsulation of silicon.
           These variations imply that Si-1 
performs better in LIBs than Si-1.5 and Si-2, 
suggesting that Si-1 has an advantage over 
other materials as an anode material. In 
conclusion, using the magnesiothermic 
process and KBr as a scavenger, Si NPs were 
created from Oryza sativa husk. Three 
different Si NPs kinds were produced using 
this ecologically friendly method (Salah, et. al., 
2019).  As LIB anodes, all three varieties of Si 
NPs demonstrated excellent performance. Si-
1, Si-1.5, and Si-2 had specific capacities of 
3416, 3037, and 2847 mAh/g, respectively. Si-
1, Si-1.5, and Si-2 had lithiation potentials and 
delithiation potentials of 0.16, 0.21, and 0.25 V, 
respectively (Daulay et. al., 2022). 

Synthesis of activated carbon-decorated 
nanocrystals-silicon:
              Sekar et al. (2019) heated brown 
Oryza sativa Husks in an air atmosphere for 

0120 minutes at 500 C to collect the ash. After 
that, 1.0 g of ash and 0.2 g of magnesium (Mg) 
powder were mixed. This mixture was put in an 
alumina crucible and annealed for 120 minutes 

0at 700  C in an argon (Ar) environment. 
Magnesiothermic reduction took place 
throughout this procedure. The annealed 
mixtures underwent a 6-hour stirring 
procedure in 1 M hydrochloric acid (HCl) to 
isolate acicular nc-Si-enriched activated 
carbon nanocomposites and remove 
magnesium silicide (Mg Si) precipitates, 2

magnesium oxide (MgO) residues, and native 
silicon dioxide (SiO ) impurities. The next step 2

involved 1-hour reaction with 5% hydrofluoric 
acid (HF). The wet activated-carbon-
decorated silicon nanocrystal products were 
then collected from the resultant solution, 
filtered, and washed with deionized water 
before being dried under vacuum for 10 hours 

0at 80 C. The Brown Oryza sativa Husks was 
used to create the activated-carbon-decorated 
silicon nanocrystal nanocomposites utilising 
the magnesiothermic reduction technique 
(Figure 3a) (Sekar et. al., 2019).
              In addition, by integrating the benefits 

of both nanocrystals-silicon and activated 
carbon, the novel nanocomposite structure 
known as activated-carbon-decorated silicon 
nanocrystal, which consists of activated 
carbon embellished with nanostructured 
silicon (nc-Si), is predicted to enhance the 
electrochemical performance of LIBs. Building 
LIB anode combinations utilising nanocrystals-
silicon, activated carbon, and activated-
carbon-decorated silicon nanocrystal allowed 
researchers to test this idea by evaluating the 
electrochemical characteristics of materials. 
Initially, cyclic voltammetry (CV) profiles 
covering the voltage range of 0 to 3.0 V (vs. 

+Li/Li ) were captured for the prepared anodes 
using a scan rate of 0.1 mV/s. Different anodic 
peaks were visible in the LIB configuration with 
the nanocrystals-silicon anode (Figure 3b), 
which correspond to the incorporation of 
lithium ions into the nanocrystals-silicon. A 
cathodic peak at 0.66 V also formed during the 
first CV cycle and was brought on by the 
electrode surface developing a solid 
electrolyte interphase (SEI) layer as well as 
electrolyte breakdown. The subsequent 
stabilisation of CV curves from the second to 
fifth cycles is proof that the SEI layer prevents 
further electrolyte breakdown and improves 
LIB stability. The interaction of Li ions with the 
native SiO  present on the nanocrystals-silicon 2

surface is most likely what caused a wider 
cathodic peak to form at 1.65 V (Sekar, et. al., 
2019; Sun, et. al., 2014, 2015).
          During the first CV cycle, the activated 
carbon anode (Figure 3c) had a pronounced 
cathodic peak at 0.2 V, which was followed by 
stable following curves. This was most likely 
caused by the formation of an SEI layer on the 
activated carbon surface. In a similar manner, 
when using activated-carbon-decorated 
silicon nanocrystal as the anode. Although the 
nanocomposites included minute amounts of 
MgO residue, the device did not show any 
MgO-related peaks. The activated-carbon-
decorated silicon nanocrystal nanocomposites 
showed noticeably more powerful anodic 
responses than the nanocrystals-silicon 
instance. This shows that the highly 
conductive activated carbon nanosheets 
ins ide  the  ac t i va ted-carbon-s i l i con  
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nanocomposite system caused the activated-
carbon-decorated silicon nanocrystal to suffer 
faster electrochemical reactions (Sekar, et. al., 
2019).
                GCD measurements were used to 
assess the samples electrochemical 
properties. The init ial l i thiation and 
delithiations capacities for the nanocrystals-
silicon sample during the first cycle were 336 
and 75 mAh/g, respectively (Figure 3e). Due to 
the intrinsic oxide tendency to lithiate, the initial 
coulombic efficiency was thus only about 22%. 

stThe 1  discharge curve of the nanocrystals-
silicon sample (Figure 3e) exhibits a large 
plateau at about 0.09 V, which denotes the 
development of SEI layers and Li-Si alloys on 
the anode material surface. Due to limitations 
in electronic conductivity, sluggish chemical 
reactions, and a reduction in surface area, the 
GCD performance drastically declined in the 
second cycle (Sekar, et. al., 2019). The charge 
and discharge capacities for the activated 
carbon sample, which is depicted in Figure 3f, 
were 295 and 545 mAh/g, respectively. This 
resulted in a coulombic efficiency of 54%. The 
initial discharge curve suggested that the 
formation of the SEI layer might lead to a 
plateau at 0.8 V. After multiple charge-
discharge cycles, this plateau disappeared 
because of the stability of the carbon-based 
LIB anode (Sekar, et. al., 2019).
            When the activated-carbon-decorated 
silicon nanocrystal anode was employed, the 
LIB device displayed greater charge (510 
mAh/g) and discharge (716 mAh/g) 
capabilities than the other samples (Figure 
3g). The enhanced coulombic efficiency of 
ac t i va ted -ca rbon -deco ra ted  s i l i con  
nanocrystal anode was 71% as a result. This 
increased efficiency can be related to the 
structure of activated carbon-coated 
nanocrystals-silicon nanocomposite, which 
efficiently reduces unfavourable processes 
(such Li-Si alloying on the nanocrystals-silicon 
surface) and encourages electron diffusion 
because mesoporous nanocrystals-silicon is 

st present. The 1 discharge cycle showed three 
potential plateaus (0.3, 0.5, and 0.8 V) as a 
result of the formation of the SEI layer and the 
lithiation of amorphous Li Si and Si (Sekar, et. x

al., 2019). 
          The rate capability and cycle stability of 
LIBs with activated carbon and silicon 
nanocrystal anodes coated with activated 
carbon were then evaluated. The LIB device 
with the nanocrystal-silicon anode was 
excluded due to its poor electrical conductivity, 
as was already indicated. (Sekar, et. al., 2019).  

Figure 3: The experimental methods for 
s imul taneously  obta in ing s i l icon 
nanocrystal nanocomposites adorned with 
activated carbon from the biomass 
resource known as Brown Oryza sativa 
Husks (BOSHs), lithium-ion battery (LIB) 
device cyclic voltammetry (CV) curves 
using anode materials made of (b) nc-Si, (c) 
A C ,  a n d  ( d )  A C @ n c - S i @ A C  
nanocomposites, the scanning rate used 
for all of the CV measurements was 0.1 
mV/s. Galvanostatic charge-discharge 
(GCD) curves of LIB devices using (e) nc-
Si, (f) AC, and (g) activated-carbon-
d e c o r a t e d  s i l i c o n  n a n o c r y s t a l  
nanocomposites as anode materials, A 
current density of 100 mA/g was used for 
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the first GCD cycle, and a current density of 
200 mA/g was used for the subsequent 
cycles, (h) Rate performance for the LIB 
devices using the anode materials of AC 
nanosheets and activated-carbon-
d e c o r a t e d  s i l i c o n  n a n o c r y s t a l  
nanocomposites at different current 
densities and (i) Cycling performance and 
coulombic efficiency determined for LIB 
devices using AC@nc-Si@AC as anode 
materials under an applied current density 
of 200 mA/g.
                Figure 3h shows the rate 
performance of the LIBs based on the applied 
current density. The LIB with the activated 
carbon anode displayed reversible discharge 
capacities ranging from 214 to 83 mAh/g at 
applied current densities of 100 to 2000 mA/g. 
The silicon nanocrystal activated-carbon 
decorated anode of the LIB demonstrated 
reversible discharge capacities ranging from 
561 to 199 mAh/g at applied current densities 
of 100 to 2000 mA/g, respectively. Both times, 
when the applied current density was lowered 
to 200 mA/g after 25 cycles, the discharge 
capacity fully recovered, indicating good 
reversibility. However, the initial specific 
capacity (during the first cycle at 100 mA/g) 
and the specific capacity window (the variance 
of specific capacity with varying applied 
current density) were approximately 2.6 times 
and 1.5 times, respectively (Sekar, et. al., 
2019). 
            The silicon nanocrystal anode coated 
with activated carbon also showed excellent 
cycle performance and a good CE. As shown in 
Figure 3i, the activated carbon anode had a 
noticeably lower discharge capacity of 166 
mAh/g, which is only 0.38 times that of the 
ac t i va ted  carbon-decora ted  s i l i con  
nanocrystal anode, while the activated carbon 
anode maintained a high discharge capacity of 
429 mAh/g over 100 cycles. Additionally, the 
silicon nanocrystal anode-equipped LIB 
maintained a rather high CE of around 97.5% 
throughout 100 charge-discharge cycles.
             The discharge capacity observed here 
was enhanced by around 1.2 times in 
comparison to commercial graphite (372 
mAh/g), owing to the greater specific capacity 

of Si in activated-carbon-decorated silicon 
nanocrystal nanocomposites. The two-
dimensional shape and superior electronic 
conductivity of the activated carbon 
nanosheets in the silicon nanocrystal coated 
with activated carbon may improve ion 
diffusion and storage in LIBs.
            The strong structural stability of 
ac t i va ted -ca rbon -deco ra ted  s i l i con  
nanocrystal nanocomposites is responsible for 
these  excep t iona l  ra te  and  cyc l i c  
performances. In essence, the activated 
carbon nanosheets served as a protective 
coating or shell for the Si nanocrystals, 
minimising the volumetric changes in those 
crystals. The Li interaction with nanocrystals-
silicon was considerably hampered throughout 
the whole solid-state system of the activated-
carbon-decorated sil icon nanocrystal 
nanocomposite because the activated carbon 
shell allowed plenty of room for Li-ion diffusion 
during charge-discharge operations.
           The initial capacity of fully biomass-
derived activated carbon could still be raised, 
even though adding nanocrystals-silicon and 
highly conductive nanomaterials (like 
graphene, carbon nanotubes, conducting 
polymers, etc.) could be the next steps to 
improve the electrical conductivity and porosity 
of the entire composite material system, 
leading to further improvements in its 
electrochemical performance. 
             Finally, activated carbon made from 
brown Oryza sativa husks and silicon 
n a n o c r y s t a l s  A c t i v a t e d  c a r b o n  
nanocomposites have a high initial discharge 
capacity, reversible specific capacity, rate 
performance, cyclic stability, and coulombic 
efficiency. These nanocomposites have the 
potential to serve as high-performing anode 
materials for LIB devices (Sekar, et. al., 2019). 

Synthesis of nano-silicon:
            Husks of Oryza sativa were calcined for 
5 hours at 600 °C following Sudarman et al. 
Oryza sativa husk ash and a 10% sodium 
hydroxide (NaOH) solution were mixed for 
three hours at a temperature of 100°C and a 
rotational speed of 240 rpm. After being 
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filtered, the filtrate from the stirring procedure 
was gradual ly  combined wi th  37% 
hydrochloric acid (HCl) until the pH reached to 
7.0, which led to the precipitation of a 
precipitate. Silica (SiO ) gel was created after 2

extensively filtering and washing the 
precipitate with deionized water. The next step 
was to combine SiO2 gel with 98% magnesium 
powder in a weight-to-ratio of (1: 0.5, 1: 0.6, or 
1: 0.7). The last combination was sealed 
entirely in an autoclave made of stainless 
steel. The autoclave was then heated in a 
microwave for 10 hours at 180°C before being 
cooled for 12 hours at room temperature. The 
powder obtained was put through a purifying 
process. The purification procedure began 
with the addition of a 5 N hydrochloric acid 
(HCl) solution for 12 hours. The mixture was 
rinsed three times with deionized water, and 
then the silicon was removed by centrifuging 
the mixture at 4000 rpm for 30 minutes. Adding 
a 10% hydrofluoric acid (HF) solution for 15 
minutes was the second step in the purification 
process. Three rounds of washing with 
deionized water were followed by a 30-minute 
centrifugation at 4000 rpm to remove 
unreacted SiO  and other impurities produced. 2

Three samples were given the designations Si-
0.5, Si-0.6, and Si-0.7, with the numbers 0.5, 
0.6, and 0.7 designating the amounts of 
magnesium (Mg) powder used in each sample. 
Using a hydrothermal process, silicon (Si) with 
a diameter of only a few nm was produced in an 
aqueous solution. This required the SiO to be 2 

reduced using a mixture of Oryza sativa husk 
SiO gel and Mg powder. SiO gel and Mg 2 2 

powder reacted to form Si and magnesium 
oxide (MgO). The hydrothermal procedure, 
which comprises lowering SiO  at a 2

temperature of 180°C for 10 hours, results in a 
mixture of Si and MgO. High-purity nano-Si is 
produced through further purification 
procedures. To remove Mg, magnesium 
silicide (Mg Si), and MgO from the mixture, 2

hydrochloric acid (HCl) is added in the first 
purification stage. HF is added during the 
second purification stage to efficiently remove 
SiO . In Figure 4a, the hydrothermal technique 2

for synthesising nano-Si is shown graphically 
(Sudarman et al., 2023). 
          Additionally, cyclic voltammetry (CV) on 
Si-0.5, Si-0.6, and Si-0.7 was carried out at a 

-1scan rate of 0.2 mV s  throughout a voltage 
range of 0.01 to 1.5 V. In Figure 4b, the CV of 
Si-0.5 shows two reduction peaks at 0.38 V 
and 0.58 V, which are associated with the 
extraction of Li+ ions, and one oxidation peak 
at 0.16 V, which is associated with the insertion 

+ +of Li  ions. Li  extraction at 0.38 V, 0.56 V, and 
+ Li insertion at 0.16 V are all shown for Si-0.6 

CV in Figure 4c. The cyclic voltammetry of Si-
+ 0.7 (Figure 4d), which displays Li extraction at 

+0.38 V and 0.59 V and Li  insertion at 0.17 V, 
demonstrates similar results. The cathodic 
peak below 0.3 V, which is supported by the 
huge anodic peak in the CV curve, points to a 
single mechanism that converts nano-Si into 
amorphous Li Si (x = 3.75). However, the x

electrochemical procedure for producing 
Li Si at room temperature is not very 3.75

+advanced. Regarding the extraction of Li  from 
nano-Si, it is clear that Si-0.6 has the lowest 
value, demonstrating its superiority to Si-0.5 
and Si-0.7. Si-0.6 has pores that are larger 
than those of Si-0.5 and smaller than those of 
Si-0.7, which accounts for the disparity. Si-0.7, 
which has the smallest pore size in comparison 

+to Si-0.5 and Si-0.6, demonstrates greater Li  
extraction as a result (Sudarman et al., 2023). 
            Figure 4e shows how well nano-Si 
electrode cycled over 200 times. During the 
first cycle, Si-0.5, Si-0.6, and Si-0.7 exhibit 
capacities of 1575, 1757, and 1525 mAh/g, 
respectively. Notably, Si-0.6 is more capacious 
than Si-0.5 and Si-0.7, although Si-0.7 has less 
capacity than the other two (Sudarman et al., 
2023). 
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Fig. 4 The cycling performance of a nano-
silicon electrode over 200 cycles using the 
cyclic voltammetry (CV) of Si-0.5, Si-0.6, 
and Si-0.7 (Sudarman et al., 2023) 
          This finding emphasises how important 

+pore size is for Li  extraction and capacity. The 
increased capacity of Si-0.6 is a result of its 
bigger pore size, whereas Si-0.7 has the 
lowest capacity due to its smaller pore size. As 
a result, the pore size has a significant impact 
on lithium-ion battery capacity, favouring larger 
pore sizes for greater performance. The 
considerable volume changes that take place 

+throughout the Li  extraction and insertion 
cycles make Si employment as a LIB anode 
material challenging. Electrode cracking and 
capacity loss are frequent consequences of 
these volume fluctuations. Since Si NPs are 
naturally resistant to fractures, they are 
employed to reduce cracking. In addition to 
improving fracture resistance, the nanoscale 

+structure capacity to accept strain from Li  
extraction and insertion through plastic 
deformation lowers stresses during volume 
changes. Therefore, this study focuses on 
producing porous nanostructured Si in addition 
to employing Si with nanoparticle-sized Si. 
Due to the increased capacity that 
nanostructured Si offers compared to other 
anode materials, this strategy is essential. 
With a possibility for further improvement, the 

discharge capacity of 1757 mAh/g over 200 
cycles demonstrates the exceptional 
performance of nanostructured Si as a LIB 
anode, outperforming commercial batteries, 
graphite, and graphene (Sudarman et al., 
2023)  
          Thus the improved lithium-ion battery 
performance was made possible by novel 
synthesis techniques for advanced anode 
materials, including PANI-SiO @rGO 2

n a n o c o m p o s i t e s ,  s c a l a b l e  s i l i c o n  
nanoparticles from rice husk, nano-silica by 
hydrothermal processing, and AC@nc-
Si@AC nanocomposites. These methods 
provide increased stability, conductivity, and 
capacity, indicating a viable route to the 
creation of practical and affordable LIB 
devices.
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ABSTRACT

 Hydrophilic surfaces, which have an affinity for water molecules, are 
those that prefer water. Water molecules are attracted to hydrophobic surfaces 
because they reject water molecules. Surfaces that are particularly water-
repellent are known as superhydrophobic surfaces. Because of their great 
surface roughness and low surface energy, superhydrophobic surfaces allow 
water droplets to easily bead up and slide off. During the present investigation, 
beautiful materials found in nature have been explored to examine their water-
loving, water-hating, and superhydrophobic characteristics. Aloe vera, rose 
petals, gerbera blossoms, Aloe barbadensis, miller leaves, and anthurium 
flowers are some of the botanical blooms that have been included for present 
study. All naturally occurring substances possess a reduced surface tension. 
Water has lower surface tension than most other naturally occurring substances. 
It was observed that the contact angles of the water droplets on the rose petals 
altered at three different time points: 120 minutes, 240 minutes, and 360 
minutes.

Keywords: Anthurium, Aloe Vera, Colocasia, Gerbera Flower, Rose Petal

Introduction:

 Many natural surfaces exhibit 
characteristics of water affinity, water aversion, 
and water repellency (Darmanin, and Guittard, 
2014; Darmanin, et. al., 2013) Nature has 
produced insects, animals, and plants for 
millennia. The Cassie-Baxter and Wenzel 
models explain how the topography and shape 
of surfaces greatly influence their water-hating 
characteristics (Wenzel, 1936; Cassie and 
Baxter, (1944). The existence of microscopic 
hairs on leaves is thought to be responsible for 
their superhydrophobic qualities, which have 
been documented in the literature. Vertical 
hairs are found on lady's mantle (Brewer and 
Willis, 2008) while horizontal hairs are being 

observed on poplar leaves and ragwort (Gua 
et. al., 2005; Ye, et. al. 2011). Animals with 
water-repellent qualities include geckos, 
butterflies, and water-walking arthropods. 
Animals and birds, like cicada, translucent 
butterfly wings, water-walking arthropods, and 
gecko foot, have some of the most well-known 
naturally water-repellent surfaces in the 
universe. Cactus spines, the skin of the filefish 
Navodon septentrionlis, shark skin (Cai, et al., 
2014), leafhoppers (Rakitov and Gorb, 2013), 
and springtail surfaces all exhibit underwater 
superhydrophobic qualities (Nickerl, et. al., 
2013 It is crucial for water repellence qualities 
to remain stable even after pressure that 
accounts for the dual action of rainfall 
(Nosonovsky and Bhushan, 2008).
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Super hydrophobicity:
Young's State: The Young equation relates 
the three surface tensions of liquid-vapor, 
solid-vapor, and liquid-solid and predicts the 
contact angle between a liquid droplet and a 
solid surface. This prediction holds true 
independent of the surface chemistry 
(Young,1805). The Young equation explains 
the liquid's contact angle with a perfectly 
smooth, chemically homogeneous solid 
surface as shown in Figure 1a and explained in 

Where the Young's contact angle (θ) is and r is 
the roughness ratio. The ratio of the 
anticipated surface area to the actual surface 
area is known as the roughness parameter, or 
r. When a surface is completely smooth, r = 1, 
and when a surface is rough, r > 1. The 
Wenzel state states that for materials having a 
contact angle larger than 90° (intrinsically 
water-hating materials), wetting is minimized 
by roughness.

Figure 1: The wetting behaviour of a liquid 
droplet on a rough solid surface under 
three different states: a) Young's state, b) 
Wenzel's state, and c) Cassie-Baxter state.

Cassie- Baxter's State: 
            The heterogeneous state or composite 
state are other names for the Cassie-Baxter 
state. The Cassie-Baxter condition of wetting 
is seen in Figure 1c, where the grooves 
beneath the droplet are filled with vapour 
rather than liquid (Cassie, and Baxter, 1944). 
The most crucial characteristic of a coating 
designed to repel water is robustness. Even 
after being released, the substance retains its 
high-pressure qualities. The rise in the solid-
vapor barrier at low H makes the Cassie-
Baxter state a good predictor of water-
repellence qualities. It also has anti-icing (heat 
transfer), anti-corrosion (batteries, water 
desalination, and ion penetration), and anti-
corrosion (ion penetration) capabilities. In spite 
of a rise in surface roughness, the material's 
inherent characteristics get better. There are 
two phases that make up the liquid surface 
interface: the liquid-vapor interface and the 
liquid-solid interface.

the following equation.
              Where γ , γ  and γ represent the lv sv sl 

surface tensions at the interfaces between 
solids and liquids, respectively. A contact angle 
(θ) is created when a single drop of fluid (oil or 
water) is deposited on a solid surface. The 
Young equation only holds true for smooth 
surfaces; hence it cannot be used to describe 
textured surfaces. A liquid contact angle (θ) 
with a rough surface will be different from that 
of a liquid with a smooth surface since wetting 
surfaces are chemically diverse, they are more 
complicated and rougher. The effect of surface 
roughness on contact angle can be studied in 
two modes or states. 

Wenzel's State: Figure 2b illustrates the 
contact angle model that created by Wenzel 
for rough surfaces, which allows liquid to 
completely permeate into the rough grooves 
(Wenzel, 1936). Due to the increase in the 
solid-liquid interface in the rough grooves, air 
bubbles may become trapped there, but only if 
the height of the asperities (H) is high enough. 
In this instance, a liquid droplet (oil or water) is 
present on a composite surface, and the 
Cassie-Baxter model is used to characterise 
the wetting nature as:



           The contributions of the various phases 
are combined to generate the apparent 
contact angle, where w is the apparent 
contact angle and 1 and 2 are the surface 
fractions of phases 1 and 2, respectively.  
Phase 1 and Phase 2's respective contact 
angles are 1 and 2, respectively. The solid 
fraction, symbolised by the Greek letter, refers 
to the area of a solid surface that has been 
moistened by a liquid when one of the 
surfaces is the air-liquid interface. (1-φ) 
represents the air fraction. Because it 
included the air component, in the 
denominator, the original equation was 
wrong. The air percentage should be in the 
numerator since it represents the portion of 
the surface that is not moistened by liquid.

in water and have a great attraction for it. 
Water-loving is the opposite of water-repelling. 
There are numerous uses for surfaces that 
attract or repel water. Figure 2a illustrates 
water-loving compounds that can corrode 
metal surfaces and alloys. Polar molecules are 
also described as molecules that love water. 
Because it can form hydrogen bonds and is 
frequently polar, a molecule's water-loving 
component can dissolve in water more quickly 
than its oil- or other water-hating solvent-loving 
counterpart. It may appear as though water 
molecules in the air are drawn to substances 
that love water. In settings with considerable 
condensation and for shielding exchangers 
from water's corrosive effects, hydrophilic 
coatings are very useful. Additionally, 
hydrophilic coatings do exceptionally well at 
keeping out water in hot and salty situations.

Hydrophobic Nature:  
� Figure 2b illustrates how the words 
"water-hating" and "hating water" have Greek 
roots that imply "phobia" and "hydrophobia," 
respectively. Scientists refer to nonpolar 
substances as being "hydrophobic" because 
they do not combine with water molecules. 
Examine that definition in more detail. Since its 
atoms carry a partial charge, hydro is a polar 
molecule. The most electronegative atom is 
oxygen, whose core electrons in each bond 
are extremely close to one another. Any 
charged substance will interact with hydro 
molecules to dissolve, whether it has a positive 
or negative charge. In essence, molecules that 
dislike water are non-polar, which means they 
don't have a net charge. These molecules lack 
any connections between charges that would 
enable them to interact with hydro while not 
having any charges. Water Hating substances 
frequently insoluble in water or any other 
solution with a predominately watery 
environment. In many areas of biology, 
including the structure of animals, cellular 
function, and molecular interactions, the traits 
of being water-hating or non-polar are crucial.

          When the surface reaches unity (1), the 
liquid droplet will expand out to cover the 
entire area. The liquid droplet will not even 
come close to the surface when surface = 0. 
For a flat surface, the solid fraction varies from 
0 to 1. In this condition, the droplet can readily 
roll over the solid surface due to the narrow 
contact area between them.   
Contact angle: When a surface is 
superhydrophobic, it displays high water 
contact angle (WCA > 150°) and low water 
contact angle hysteresis (CSH 10°). This 
surface is not only self-cleaning, but also 
water-repellent (Su, et al., 2010; Bhushan, and 
Her, 2010; Bormashenko, et. al., 2006) 
Contact angle hysteresis (CHA) is the 
distinction between advancing and receding 
contact angles (Ferrari and Ravera, 2010; 
Nosonovsky, and Bhushan, 2008). When 
water droplets form on a superhydrophobic 
surface, they take on a nearly spherical shape 
and readily move when subjected to low tilting 
angles.

Hydrophilic Nature:
           Hydrophilic compounds readily dissolve 
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Figure 2:  three different surface types: a) 
hydrophilic, b) hydrophobic, and 3) 
superhydrophobic.

Water Repellence:
           Super-hydrophobic surfaces are very 
water-repellent, making it very difficult to wet 
them. On a superhydrophobic surface, a water 
droplet's contact angle is greater than 150°, 
and the difference between its advancing and 
receding contact angles is less than 10°. A 
droplet can entirely bounce after colliding with 
a superhydrophobic surface, much like an 
elastic sphere. This is also referred to as the 
lotus effect, after the self-cleaning properties of 
the leaves of the lotus plant.

Experimental Details and Results:
Rosaceae Petals:

          Rosaceae and the genus Rosa contain 
the most well-known flower in all of nature. The 
petals of Rose (Rosa damascene) of the family 
Rosaceae, are amphiphilic, meaning they 
have both a love of and a dislike of water. Even 
with the petal turned upside down, a water 
droplet that is small enough will slide off. High 
sticky forces are incompatible with water 
repellence. Chinese researchers have 
established that rose petals and water have an 
unusual bond that is not shared by other 

Figure 3: Images of Rosaceae petals at 
different times, illustrating their 
water-hating and water-repellence 
properties.

plants. The micro-nanoscale topography of a 
rose petal comprises hills and valleys. The 
large valleys allow a small amount of water to 
soak in, creating a sticky surface on which 
smaller droplets can condense and stick to the 
petal. Since the surface of the rose petals is 
amphiphilic, it has both water-loving and 
water-hating characteristics. While the water-
hating portions of the petals vigorously oppose 
water, the water-loving sections have a great 
attraction for it. The irregular topography of 
small valleys. Rose petals' micro-papillae 
produce two reactions in response to water. 
Larger droplets are repelled by the micro-
papillae and tiny valleys. Water-hating and 
water-repellence are two characteristics 
displayed by rose petals. Following a few 
minutes, after 120 minutes, after 240 minutes, 
and after 360 minutes, it was noted that the 
contact angles altered during the course of the 
current investigation. 

Asteraceae Flower:

Figure 4: Images of Gerbera petals at ?
different times, illustrating their 
water-loving, water-hating, and 
water-repellent properties.
 The Asteraceae family's Gerbera 
flower is well-known. The gerbera flower is 
three-lobed, strap-shaped, and the individual 
flowers are found in the heads (Barthlott, and 
Neinhuis, 1997). Its aversion to water is one of 
its most significant characteristics. The micro-
nanoscale surface area of gerbera flowers 
gives them the ability to both love and hate 
water. In the current investigation, it has been 
shown that the contact angles change over the 
first few minutes, following 120, 240 and 360 
minutes. 
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Figure 6: Images of Colocasia (Araceae) 
leaves at different times, illustrating their 
water-loving and water-repellence 
properties.

Figure 7 Images of the Anthurium flower 
(Araceae) are shows water loving and 
water hating properties at different time. 

Colocasia:

 The elephant ears, often referred to as 
Colocasia, are the most well-known leaves in 
the world. Elephant ears belong to the Araceae 
family and the Colocasia genus. Colocasia 
leaves exhibit water-loving, water-hating, and 
water-repellent surface characteristics. In 
current investigation, it was found that the 
contact angles altered after a few minutes, 
after 120 minutes, and after 240 and 360 
minutes. 

Anthurium:
          The genus Anthurium includes perennial 
evergreen plants that are part of the Araceae 
family. Anthurium plants have subterranean 
rhizomes and adventitious roots. Anthurium 
plants create a long-lasting, vivid spathe that 
comes in a variety of colours, including cream, 
pink, red, light red, white, dark red, green, 
lavender, and salmon pink. Most of the time, it 
is planted as a crop for cut flowers because of 
its spadix, which is prized for its colorful, long-
lasting spathe. Anthurium plants are famous 
for their variety of colors, massive effect, and 
elegance. 
          The surface characteristics of Anthurium 
flowers in this study demonstrated both water-
loving and water-repelling characteristics. The 
contact angles were seen to fluctuate 
throughout the course of the investigation at 
the following intervals: i.e., after 120, 240, and 
360 minutes.

Aloe barbadensis:
 Aloe vera belongs to the family 
Asphodelaceae and genus Aloe. Aloe 
barbadensis leaves have microstructures with 
tiny height and high pitch values, which change 
the contact angle between a surface and a 
water droplet (Bhushan and Her, 2010).  The 
wetting state may be reached if water 
impregnates between microstructures 
(Bormashenko, et al., 2006). The hydrophobic 
liquid's contact area with the surface is less 
than in the Wenzel state but greater than in the 
intermediate wetting state. Aloe barbadensis 
leaves are water-loving due to their wide 
surface area. Aloe barbadensis leaves exhibit 
all three water-loving, water-hating, and water-
repellency properties. The contact angles 
were seen to fluctuate throughout the course of 
the investigation after a few, 120, 240 and 360 
minutes.

Figure 8: Asphodelaceae that simultaneously 
display their water-loving characteristics. 
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              During present investigation, the 
water-loving, water-hating, and water-
repellency qualities in Nature's exquisite 
materials were investigated. The rose petals 
were water-hating and water-repellent in 
nature. High adhesive forces were not always 
associated with water repellence. The petals of 
a red rose had curious relationship with water, 
but not for other liquids. Rose petals have a 
water-loving surface that strongly attracts 
water while water-hating surfaces strongly 
repel water. Rose petals had water-hating and 
water-repellent characteristics, but the latter is 
the more significant one. A surface's ability to 
self-clean entails that it can eliminate dirt and 
debris by dispersing water droplets. The 
leaves of Colocasia leaves had characteristics 
that attract, resist and love water. Aloe Vera 
leaf surface area demonstrated its affinity for 
water. Water-loving, water-hating, and water-
repellent qualities were found to be present in 
every flower, petal and leaf. It has been shown 
that the contact angles change over the first 
few minutes, the following 120, 240 and 360 
minutes.
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Abstract 
Continually occurred the oceanic oil spill accidents and discharging huge amount of 

industrial oily wastewater cause a serious threat to the environment. Oil and organic 

pollutants in water has a severe problem for aquatic life and human being. There is a need to 

develop technology for oil-water separation. Recently, superhydrophobic/superoleophilic 

sponges, metal meshes, membranes and porous materials plays crucial role to separate oil 

from oil-water mixture. The micro and nanopores of substrate facilitate to enter liquid into it 

and superhydrophobic/superoleophilic property of substrate surface resist water and allows 

oil to enter into the porous substrate. Carbon soot nanoparticles are hydrophobic (water 

repellent) in nature and has the advantages of cost-effectiveness and production scalability 

over other carbons like graphene, carbon nanotubes (CNTs), carbon nanodots (CNDs), etc., 

in their synthesis. Carbon soot based superhydrophobic/superoleophilic surfaces have 

outstanding water repulsion and oil absorption capacity, highly selectivity, chemical 

inertness and excellent recyclability. In this paper, we discussed recent progress of carbon 

soot based superhydrophobic/superoleophilic sponges and meshes for oil-water separation. 

 

 

 

Keywords: Carbon soot, oil-water separation, sponge, stainless steel mesh and 

superhydrophobic. 

 

 

Introduction 

The oil spillage and industrial pollutants has emerged as 

critical issue to an ecosystem, human health, economic 

growth, etc. To address this challenge, several efforts have 

been done to separate oil and organic solvents from oil 

contaminated water [1-2]. The various methods such as spray 

coating, dip-coating, hydrothermal method, chemical vapour 

deposition, surface etching, solvothermal method, layer-by-

layer assembly and electrochemical treatment have been used 

to prepare superhydrophobic/superoleophilic coating on 

sponge and mesh surface [3]. The ideal 

superhydrophobic/superoleophilic meshes and sponges must 

have following characteristics, such as fine selectivity toward 

various oils, high separation efficiency, reusability and along 

with high mechanical, chemical, and thermal stability [4]. 

The superhydrophobic/superoleophilic surfaces have shown 

water contact angle (WCA) over 150°, sliding angle < 10° and 

oil contact angle <5° [5]. The traditional technologies, 

including in situ burning, bioremediation, chemical dispersant 

methods, skimming, and sorbents are used for oil-water 

separation. However, many of these technologies involve 

energy intensive and slow processes, have low oil-water 

separation capacities or create secondary pollution during the 

oil-water separation process, restricting their widespread 

practical applications [6-8]. Different strategies used for 

formation of hierarchical structures such as sol-gel coating, 

chemical vapor deposition, plasma etching, template 

processing, lithographic patterning, etc. have been adopted [9-

10].  
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Carbon soot (CS) generated from incomplete combustion of 

paraffin wax has demonstrated the advantages of cost 

effectiveness and production scalability over carbon 

nanotubes (CNTs), graphene and activated carbons in their 

synthesis. Hence, the carbon soot coated 

superhydrophobic/superoleophilic surfaces shows excellent 

oil-water separation ability rather than carbon nanotubes, 

carbon nanodots and graphene [11].  

Song et al. [12] have fabricated carbon soot (CS) coated mesh 

using dip-coating method. The cleaned stainless-steel mesh 

(SSM) was subsequently dipped in the glue solution for 10 

min and CS-dispersion, finally dried at 80°C to obtain the CS-

glue coated mesh. The CS coating is close packed because of 

using superglue (EVO-STIK Serious Glue) as a binder. The 

CS-glue coated mesh revealed the separation efficiency 

higher than 99.95%. Even after 20 cycle separation tests, it 

was shown excellent reusability and durability. The different 

chemical methods are used for the fabrication of the 

superhydrophobic/superoleophilic meshes/sponges for 

efficient oil-water separation. As the carbon nanotubes are 

hydrophobic in nature and it shows strong affinity toward oil, 

Lee et al. [13] adopted chemical vapor deposition (CVD) 

technique to deposit vertically aligned CNTs on stainless steel 

(SS) mesh. The as-prepared SS-CNT mesh effectively 

separates oil from water-in-oil emulsions with efficiency 

higher than 80%. Gu et al. [14] prepared polystyrene (PS) and 

carbon nanotubes coated superhydrophobic/superoleophilic 

membrane. The as-prepared superhydrophobic/ 

superoleophilic membrane shows mechanically robust PS-

CNT surface shows excellent oil separation from oil-water 

mixture with good repeatability and separation efficiency of 

more than 99%. Electrospinning technique can be effectively 

used to form superhydrophobic/superoleophilic surfaces. 

Wang et al. [15] prepared the polyurethane (PU) sponge from 

hydrophilic to superhydrophobic by dip coating it from the 

nanocomposite of CNT/poly- (dimethyl siloxane) (PDMS). 

The as-prepared superhydrophobic/superoleophilic sponge 

shows the continuous removal of various oils such as Soybean 

oil, motor oil, diesel, n-hexadecane, gasoline, and n-hexane 

from the surface of the water with high separation efficiency.  

 In this article, we will discuss on the simple, low-cost, rapid 

and innovative methods for the fabrication of 

superhydrophobic/superoleophilic carbon soot nanoparticle 

coated sponges and meshes for efficient oil-water separation 

application.  

 

Recent Developments for Effective Oil-Water Separation 

Superhydrophobic-Superoleophilic Sponge 

Hydrophobic candle soot (CS) particles can be collected 

easily and cost effectively from the candle flame. Li et al. [16] 

obtained the hydrophobic CS particles by incomplete 

combustion of hydrocarbons from the mid-candle flame. The 

polyurethane sponge immersed in the mixture of CS, 

hydrophobic silica nanoparticles, and PU resin to achieve 

stable superhydrophobicity. The CS-SiO2-PU sponge showed 

excellent oil separation capacity from hot water and acidic, 

alkaline, and salt solutions. The CS-SiO2-PU sponges could 

absorb a various oil efficiently and selectively, and show high 

absorption capacity that is up to 65 times of its own weight. 

Furthermore, the CS-SiO2-PU sponge possesses stable 

superhydrophobicity and excellent ability of selective 

absorption to oil even at various harsh conditions, including 

acid (1M HCl) and alkali (1M NaOH), and salt (1M NaCl) 

aqueous solutions at mechanical agitation condition, hot water 

and ice/water mixtures. The CS-SiO2-PU sponge combination 

with a vacuum system could continuously absorb and remove 

oil from water surface. As shown in (Fig. 1a), the contact 

angle of coloured water droplet on the PU sponge is nearly 

100° and the coloured kerosene droplet contact angle is about 

0°. However, the CS-SiO2-PU sponge shows 

superhydrophobicity and superoleophobicity simultaneously 

(Fig. 1b). The kerosene droplet was absorbed by the CS-SiO2-

PU sponge immediately when it was dropped on the surface 

of sponge, while the water droplet stayed on the surface of as-

prepared sponge and kept its spherical shape. As shown in 

(Fig. 1c and d), the water contact angle on the CS-SiO2-PU 

sponge is up to 155° and the SA is as low as 7°. Therefore, 

the water was repelled by the as-prepared sponge, whereas the 

oil absorbed through the sponge quickly. 

 

 
 

Fig 1: (a and b) Schematic illustration of the fabrication the 

wettability of the pristine PU sponge and the CS-SiO2-PU sponge to 

water and oil droplets, respectively. (c and d) The CA and SA of 

water on the CS-SiO2-PU sponge, respectively [16], with permission 

from J. Sol-Gel Sci Technol., Copyright 2017. 
 

Beshkar et al. [17] prepared durable magnetic 

superhydrophobic PU sponge by immersing it in the colloidal 

solution of straw candle soot (carbon nanoparticles) and 

further modification was done by Fe2O4 nanoparticles and 

PDMS. The waste oil was easily collected from the surface of 

water through guiding the magnetic superhydrophobic 

polyurethane (PU) sponge by a bar magnet. The wettability of 

sponge remained unchanged even after 30 

absorption/desorption cycles. The oil-water separation 

experiments were performed using the as-prepared optimized 

superhydrophobic sponge to absorbing of waste oil. The 

schematic of experimental protocol for preparation and 

operation superhydrophobic/superoleophilic magnetic straw 

soot sponge is shown in Fig. 2. It was indicated that the 

superhydrophobic sponge is taken by a magnet bar and 

absorbs waste oil completely from the oil-water mixture 

within 10 seconds. 

 

 
 

Fig 2: Schematic illustration of preparation of modified polyurethane 

sponge and oil separation process. Images reprinted from [17], with 

permission from Elsevier, Copyright 2017. 
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Gao et al. [18] obtained the candle soot (CS) particles from 

combustion flame and dispersed it in 1,2-dichloroethane 

(DCE). The superhydrophobic/superoleophilic melamine 

sponge prepared by a uniform coating of as-grown CS-DCE 

solution using dip-coating method. The CS-modified sponge 

exhibited strong water repellency and oil absorbency without 

further chemical modification (Fig. 3. a and b). An easy and 

fast recovery of engine oil floating on the water surface by 

CS-modified sponge confirms its high oil-water separation 

efficiency (Fig. 3. c–e). The CS-modified sponge could 

absorb numerous oils and organic solvents with an absorption 

capacity of 25-80 times of its own weight. Oil can be recycled 

for more than 10 times with absolutely no change in an oil 

absorption capacity and wettability of the CS-modified 

sponge.  

 

 
 

Fig 3: Schematic showing (a) Photograph of water and oil droplets 

on the surface of a CS-sponge. (b) Photograph of pure and CS-

sponges placed on water. (c-e) Photographs demonstrating the 

removal of an oil droplet from water using a CS-sponge [18], with 

permission from American Chemical Society, Copyright 2014. 

 

Yue et al. [19] the superhydrophobic surface was fabricated by 

using PVDF and candle soot via sugar template method. It 

was shown the water contact angle of 158° and roll-on angle 

of <6°. The oil quickly absorbed by superhydrophobic sponge 

shows the superoleophilic property. The sponge shows 

excellent oil-water separation property even after 25 cycles. 

The strong elasticity, high stretching resistance confirms that 

the modified superhydrophobic surface is highly mechanical 

durable. The modified sponge maintains the 89% of recovery 

rate even after 10 cycles. The absorption capability recovered 

up to 96% without obvious change of morphology of the 

sponge surface. This method was used to prepare a 

photothermal, porous PVDF/CS sponge with structural, 

chemical and mechanical property [19]. Fig. 4 shows that the 

preparation process of the porous PVDF/candle soot sponge. 

In short, sugar particles were placed into a mixture of 

PVDF/DMF/CS solution, followed by removing sugar 

templates via the water dissolving. It is important to note that 

a simple sugar-templating process was used for formation of 

superhydrophobic sponge, it requires only a simple as well as 

eco-friendly preparation process. 

 

 
 

Fig 4: Schematic illustration of the fabrication of porous 

PVDF/candle soot sponge using sugar template. Images reprinted 

from [19], with permission from Elsevier, Copyright 2021. 

Superhydrophobic/Superoleophilic Mesh 

Li et al. [20] deposited hydrophobic CS particles on a SS mesh 

by holding it in the mid-flame of paraffin candle and then 

spray coated the hydrophobic silica nanoparticles (50 nm) on 

it. The as-prepared carbon soot/silica nanoparticles (CS/SiO2) 

hybrid mesh revealed strong repellence toward pure water and 

droplets of pH ranging from 1 to 14, whereas the oil drops 

quickly spread on the surface. The hybrid mesh revealed 

strong ability to separate various oils and organic liquids 

mixed in pure water, hot water (92°C), and strong corrosive 

solutions (1M HCl, NaOH, and NaCl) with more than 98% of 

separation efficiency. The oil/water separation was performed 

as shown in Fig. 5. Because of the excellent mechanical 

flexibility of the stainless-steel mesh, the mesh was folded 

into a three-dimensional structure, then coated with CS and 

hydrophobic silica for oil/water separation. The coated mesh 

was placed on beaker and mixture of kerosene and water was 

poured onto the three-dimensional superhydrophobic mesh, as 

shown in Fig. 5a-c. Kerosene was dropped into the beaker, 

while water was repelled and retained above the mesh. Fig. 5d 

exhibited that there are no oily droplets were present in the 

water. After the separation, nearly equal amount of water and 

kerosene were collected, which was suggested that extremely 

high separation efficiency of the coated mesh as shown in Fig. 

5e. 

 

 
 

Fig 5: Schematic illustration of the separation process of oil 

(kerosene)/water mixture based on the CS and silica overlap coated 

mesh. (a-b) water is dyed with methylene blue and oil is dyed with 

Oil Red O and then they are mixed before separation. (c-d) 

the separation process of the oil/water mixture using the 

overlap coated mesh. (e) The water and oil volume keep 

nearly the same after separation [20], with permission from 

RSC Nanoscale, Copyright 2016. 

 

Cao et al. [21] used the electrodeposition technique for the 

formation of superhydrophobic/superoleophilic copper 

meshes and then held it above candle flame to deposit carbon 

soot (CS) nanoparticles. The agglomerated CS nanoparticles 

formed a chain like rough hierarchical structure on which 

water drop exhibited contact angle higher than 153°. The CS 

deposited copper mesh quickly separated various oils such as 

silicone oil, cyclohexane, n-hexane, n-heptane, petroleum 

ether, and liquid paraffin from oil-water mixtures with oil 

separation efficiency greater than 90% even after 30 

separation cycles. The rough mesh was placed on 1.5 cm 

height of flame of burning candle for deposition for 5 

minutes, the whole preparation process is shown in the fig. 6, 

the superhydrophobic mesh surface was formed by using 

candle soot. 
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Fig 6: Schematic illustration of the preparation process of super-

hydrophobic and super-oleophilic copper mesh, and the application 

in oil-water separation [21], with permission from Colloids and 

Surfaces A: Physicochem. Eng. Aspects, Copyright 2017. 

 

Zulfiqar et al. [22] deposited cheaply available sawdust on 

polychloroprene adhesive-coated SS mesh with subsequent 

deposition of silicone polymer by dip coating. Thereafter, a 

thin layer of CS particles was applied on the as-prepared mesh 

by holding above a candle flame. The carbon soot (CS) 

nanoparticles uniformly deposited on silicone covered SD 

exhibited highly rough and porous morphology required for 

superhydrophobicity and superoleophobicity. As depicted in 

Fig. 7, a superhydrophobic SS mesh easily and rapidly 

separated oil-water mixture. No trace of water was observed 

in separated oil confirming its potential in oil-water separation 

capability. Apart from excellent oil-water separation 

efficiency (>95%), the superhydrophobic SS mesh exhibited 

good recyclability, reusability, and mechanical stability. The 

potential of these coatings for oil/water separation is shown in 

Fig. 7. The figure typically shows a mesh coated with 

superhydrophobic material holding water without any 

leakage. The superhydrophobic mesh was used for the 

separation of oil from oil-water mixtures as shown in Fig. 7. 

The mesh readily separated the oil while blocking the flow of 

water through its pores. The water content was not found in 

the separated oil, which confirms the excellent 

superhydrophobic/superoleophilic property. The steel mesh 

with excellent mechanical stability modified with durable 

superhydrophobic coating can be used as a medium for 

oil/water separation. 

 

 
 

Fig 7: Schematic illustration of a superhydrophobic mesh 

demonstrating (a) the separation of oil/water mixture and (b) 

collection of oil from oil/water mixture [22], with permission from 

Colloids and Surfaces A: Physicochem. Eng. Aspects, Copyright 

2017. 

 

Chen et al. [23] synthesized a superhydrophobic surfaces by 

simply placing the stainless steel (SS) on the middle of candle 

flame for deposition of carbon soot (CS) on the SS mesh. The 

candle soot coated substrate together with SiCl4 was placed in 

a drier for chemical vapour deposition. Then, though 

calcination at 600°C for half in air, CS composed NPs 

thermally degraded and diffused through the silica shell 

gradually. It was shows excellent oil-water separation 

efficiency even after 30 times recycling use of modified 

superhydrophobic surfaces. The superhydrophobic coating 

revealed excellent separation efficiency even after 6 times 

reuses of same superhydrophobic surface. It could be 

potentially used in optical and visual application scenarios 

were in harsh, oily environments, like goggles, building 

façade, visual oil-water separation device, touch screen, etc. 

As shown in Fig. 8, the cheap and accessible candle soot were 

used for formation of a rough surface template to directly 

deposition on the substrate. The candle soot was formed 

carbon nanoparticles forming by incompletely burned 

paraffin, which loosely bounded on the substrate and formed a 

rough surface. Finally, a hard and porous silica shell was 

deposited on the candle soot template through chemical vapor 

deposition of SiCl4 like Stober reaction, which completely 

formed the roughness of the template and a robust rough 

surface.  

 

 
 

Fig 8: Schematic of preparation and properties of the transparent and 

robust superhydrophobic coating and oil–water separation. Images 

reprinted from [23], with permission from Nature, Copyright 2022. 

 

Conclusion 

As this review highlights, carbon soot nanoparticles are 

unique in that, their fabrication requires little control of 

external parameters. It is beneficial economically, facile and 

straightforward to synthesize. The carbon soot nanoparticles 

coated sponges and mesh has been developed by using carbon 

soot nanoparticles and different polymers. The 

absorption/separation investigation demonstrates that, the 

carbon soot surface is highly efficient and stable in absorbing 

a wide range of oil and organic solvents. It can be believed 

that, the carbon soot coated superhydrophobic materials are 

very useful for oil-water separation. The carbon soot 

synthesis, carbon soot coated sponge/mesh preparation, 

procedures are simple, cost-effective and scalable. The 

absorption/separation investigation demonstrates that, the 

carbon soot sponge/mesh is highly efficient and stable in 

absorbing a wide range of oil and organic solvents. It can be 

believed that, the carbon soot coated superhydrophobic 

surfaces are very useful for oil-water separation. It shows 

various tremendous results with carbon soot-polymer 

composite in various mechanical conditions. A carbon soot 

nanoparticle shows significant surface area to volume ratio, 

high electronic and ionic conductivity. Carbon soot is 
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produced by simply burning of candles and hence, it is 

ecofriendly, economical and useful. Carbon soot coated 

sponge and mesh can show stability, durability, reusability 

and reproducibility. Hence, this review is helpful to upcoming 

researchers to develop highly scalable superhydrophobic 

surfaces for efficient oil-water separation applications.  
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Abstract 
Continually occurred the oceanic oil spill accidents and discharging huge amount of 

industrial oily wastewater cause a serious threat to the environment. Oil and organic 

pollutants in water has a severe problem for aquatic life and human being. There is a need to 

develop technology for oil-water separation. Recently, superhydrophobic/superoleophilic 

sponges, metal meshes, membranes and porous materials plays crucial role to separate oil 

from oil-water mixture. The micro and nanopores of substrate facilitate to enter liquid into it 

and superhydrophobic/superoleophilic property of substrate surface resist water and allows 

oil to enter into the porous substrate. Carbon soot nanoparticles are hydrophobic (water 

repellent) in nature and has the advantages of cost-effectiveness and production scalability 

over other carbons like graphene, carbon nanotubes (CNTs), carbon nanodots (CNDs), etc., 

in their synthesis. Carbon soot based superhydrophobic/superoleophilic surfaces have 

outstanding water repulsion and oil absorption capacity, highly selectivity, chemical 

inertness and excellent recyclability. In this paper, we discussed recent progress of carbon 

soot based superhydrophobic/superoleophilic sponges and meshes for oil-water separation. 

 

 

 

Keywords: Carbon soot, oil-water separation, sponge, stainless steel mesh and 

superhydrophobic. 

 

 

Introduction 

The oil spillage and industrial pollutants has emerged as 

critical issue to an ecosystem, human health, economic 

growth, etc. To address this challenge, several efforts have 

been done to separate oil and organic solvents from oil 

contaminated water [1-2]. The various methods such as spray 

coating, dip-coating, hydrothermal method, chemical vapour 

deposition, surface etching, solvothermal method, layer-by-

layer assembly and electrochemical treatment have been used 

to prepare superhydrophobic/superoleophilic coating on 

sponge and mesh surface [3]. The ideal 

superhydrophobic/superoleophilic meshes and sponges must 

have following characteristics, such as fine selectivity toward 

various oils, high separation efficiency, reusability and along 

with high mechanical, chemical, and thermal stability [4]. 

The superhydrophobic/superoleophilic surfaces have shown 

water contact angle (WCA) over 150°, sliding angle < 10° and 

oil contact angle <5° [5]. The traditional technologies, 

including in situ burning, bioremediation, chemical dispersant 

methods, skimming, and sorbents are used for oil-water 

separation. However, many of these technologies involve 

energy intensive and slow processes, have low oil-water 

separation capacities or create secondary pollution during the 

oil-water separation process, restricting their widespread 

practical applications [6-8]. Different strategies used for 

formation of hierarchical structures such as sol-gel coating, 

chemical vapor deposition, plasma etching, template 

processing, lithographic patterning, etc. have been adopted [9-

10].  
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Carbon soot (CS) generated from incomplete combustion of 

paraffin wax has demonstrated the advantages of cost 

effectiveness and production scalability over carbon 

nanotubes (CNTs), graphene and activated carbons in their 

synthesis. Hence, the carbon soot coated 

superhydrophobic/superoleophilic surfaces shows excellent 

oil-water separation ability rather than carbon nanotubes, 

carbon nanodots and graphene [11].  

Song et al. [12] have fabricated carbon soot (CS) coated mesh 

using dip-coating method. The cleaned stainless-steel mesh 

(SSM) was subsequently dipped in the glue solution for 10 

min and CS-dispersion, finally dried at 80°C to obtain the CS-

glue coated mesh. The CS coating is close packed because of 

using superglue (EVO-STIK Serious Glue) as a binder. The 

CS-glue coated mesh revealed the separation efficiency 

higher than 99.95%. Even after 20 cycle separation tests, it 

was shown excellent reusability and durability. The different 

chemical methods are used for the fabrication of the 

superhydrophobic/superoleophilic meshes/sponges for 

efficient oil-water separation. As the carbon nanotubes are 

hydrophobic in nature and it shows strong affinity toward oil, 

Lee et al. [13] adopted chemical vapor deposition (CVD) 

technique to deposit vertically aligned CNTs on stainless steel 

(SS) mesh. The as-prepared SS-CNT mesh effectively 

separates oil from water-in-oil emulsions with efficiency 

higher than 80%. Gu et al. [14] prepared polystyrene (PS) and 

carbon nanotubes coated superhydrophobic/superoleophilic 

membrane. The as-prepared superhydrophobic/ 

superoleophilic membrane shows mechanically robust PS-

CNT surface shows excellent oil separation from oil-water 

mixture with good repeatability and separation efficiency of 

more than 99%. Electrospinning technique can be effectively 

used to form superhydrophobic/superoleophilic surfaces. 

Wang et al. [15] prepared the polyurethane (PU) sponge from 

hydrophilic to superhydrophobic by dip coating it from the 

nanocomposite of CNT/poly- (dimethyl siloxane) (PDMS). 

The as-prepared superhydrophobic/superoleophilic sponge 

shows the continuous removal of various oils such as Soybean 

oil, motor oil, diesel, n-hexadecane, gasoline, and n-hexane 

from the surface of the water with high separation efficiency.  

 In this article, we will discuss on the simple, low-cost, rapid 

and innovative methods for the fabrication of 

superhydrophobic/superoleophilic carbon soot nanoparticle 

coated sponges and meshes for efficient oil-water separation 

application.  

 

Recent Developments for Effective Oil-Water Separation 

Superhydrophobic-Superoleophilic Sponge 

Hydrophobic candle soot (CS) particles can be collected 

easily and cost effectively from the candle flame. Li et al. [16] 

obtained the hydrophobic CS particles by incomplete 

combustion of hydrocarbons from the mid-candle flame. The 

polyurethane sponge immersed in the mixture of CS, 

hydrophobic silica nanoparticles, and PU resin to achieve 

stable superhydrophobicity. The CS-SiO2-PU sponge showed 

excellent oil separation capacity from hot water and acidic, 

alkaline, and salt solutions. The CS-SiO2-PU sponges could 

absorb a various oil efficiently and selectively, and show high 

absorption capacity that is up to 65 times of its own weight. 

Furthermore, the CS-SiO2-PU sponge possesses stable 

superhydrophobicity and excellent ability of selective 

absorption to oil even at various harsh conditions, including 

acid (1M HCl) and alkali (1M NaOH), and salt (1M NaCl) 

aqueous solutions at mechanical agitation condition, hot water 

and ice/water mixtures. The CS-SiO2-PU sponge combination 

with a vacuum system could continuously absorb and remove 

oil from water surface. As shown in (Fig. 1a), the contact 

angle of coloured water droplet on the PU sponge is nearly 

100° and the coloured kerosene droplet contact angle is about 

0°. However, the CS-SiO2-PU sponge shows 

superhydrophobicity and superoleophobicity simultaneously 

(Fig. 1b). The kerosene droplet was absorbed by the CS-SiO2-

PU sponge immediately when it was dropped on the surface 

of sponge, while the water droplet stayed on the surface of as-

prepared sponge and kept its spherical shape. As shown in 

(Fig. 1c and d), the water contact angle on the CS-SiO2-PU 

sponge is up to 155° and the SA is as low as 7°. Therefore, 

the water was repelled by the as-prepared sponge, whereas the 

oil absorbed through the sponge quickly. 

 

 
 

Fig 1: (a and b) Schematic illustration of the fabrication the 

wettability of the pristine PU sponge and the CS-SiO2-PU sponge to 

water and oil droplets, respectively. (c and d) The CA and SA of 

water on the CS-SiO2-PU sponge, respectively [16], with permission 

from J. Sol-Gel Sci Technol., Copyright 2017. 
 

Beshkar et al. [17] prepared durable magnetic 

superhydrophobic PU sponge by immersing it in the colloidal 

solution of straw candle soot (carbon nanoparticles) and 

further modification was done by Fe2O4 nanoparticles and 

PDMS. The waste oil was easily collected from the surface of 

water through guiding the magnetic superhydrophobic 

polyurethane (PU) sponge by a bar magnet. The wettability of 

sponge remained unchanged even after 30 

absorption/desorption cycles. The oil-water separation 

experiments were performed using the as-prepared optimized 

superhydrophobic sponge to absorbing of waste oil. The 

schematic of experimental protocol for preparation and 

operation superhydrophobic/superoleophilic magnetic straw 

soot sponge is shown in Fig. 2. It was indicated that the 

superhydrophobic sponge is taken by a magnet bar and 

absorbs waste oil completely from the oil-water mixture 

within 10 seconds. 

 

 
 

Fig 2: Schematic illustration of preparation of modified polyurethane 

sponge and oil separation process. Images reprinted from [17], with 

permission from Elsevier, Copyright 2017. 
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Gao et al. [18] obtained the candle soot (CS) particles from 

combustion flame and dispersed it in 1,2-dichloroethane 

(DCE). The superhydrophobic/superoleophilic melamine 

sponge prepared by a uniform coating of as-grown CS-DCE 

solution using dip-coating method. The CS-modified sponge 

exhibited strong water repellency and oil absorbency without 

further chemical modification (Fig. 3. a and b). An easy and 

fast recovery of engine oil floating on the water surface by 

CS-modified sponge confirms its high oil-water separation 

efficiency (Fig. 3. c–e). The CS-modified sponge could 

absorb numerous oils and organic solvents with an absorption 

capacity of 25-80 times of its own weight. Oil can be recycled 

for more than 10 times with absolutely no change in an oil 

absorption capacity and wettability of the CS-modified 

sponge.  

 

 
 

Fig 3: Schematic showing (a) Photograph of water and oil droplets 

on the surface of a CS-sponge. (b) Photograph of pure and CS-

sponges placed on water. (c-e) Photographs demonstrating the 

removal of an oil droplet from water using a CS-sponge [18], with 

permission from American Chemical Society, Copyright 2014. 

 

Yue et al. [19] the superhydrophobic surface was fabricated by 

using PVDF and candle soot via sugar template method. It 

was shown the water contact angle of 158° and roll-on angle 

of <6°. The oil quickly absorbed by superhydrophobic sponge 

shows the superoleophilic property. The sponge shows 

excellent oil-water separation property even after 25 cycles. 

The strong elasticity, high stretching resistance confirms that 

the modified superhydrophobic surface is highly mechanical 

durable. The modified sponge maintains the 89% of recovery 

rate even after 10 cycles. The absorption capability recovered 

up to 96% without obvious change of morphology of the 

sponge surface. This method was used to prepare a 

photothermal, porous PVDF/CS sponge with structural, 

chemical and mechanical property [19]. Fig. 4 shows that the 

preparation process of the porous PVDF/candle soot sponge. 

In short, sugar particles were placed into a mixture of 

PVDF/DMF/CS solution, followed by removing sugar 

templates via the water dissolving. It is important to note that 

a simple sugar-templating process was used for formation of 

superhydrophobic sponge, it requires only a simple as well as 

eco-friendly preparation process. 

 

 
 

Fig 4: Schematic illustration of the fabrication of porous 

PVDF/candle soot sponge using sugar template. Images reprinted 

from [19], with permission from Elsevier, Copyright 2021. 

Superhydrophobic/Superoleophilic Mesh 

Li et al. [20] deposited hydrophobic CS particles on a SS mesh 

by holding it in the mid-flame of paraffin candle and then 

spray coated the hydrophobic silica nanoparticles (50 nm) on 

it. The as-prepared carbon soot/silica nanoparticles (CS/SiO2) 

hybrid mesh revealed strong repellence toward pure water and 

droplets of pH ranging from 1 to 14, whereas the oil drops 

quickly spread on the surface. The hybrid mesh revealed 

strong ability to separate various oils and organic liquids 

mixed in pure water, hot water (92°C), and strong corrosive 

solutions (1M HCl, NaOH, and NaCl) with more than 98% of 

separation efficiency. The oil/water separation was performed 

as shown in Fig. 5. Because of the excellent mechanical 

flexibility of the stainless-steel mesh, the mesh was folded 

into a three-dimensional structure, then coated with CS and 

hydrophobic silica for oil/water separation. The coated mesh 

was placed on beaker and mixture of kerosene and water was 

poured onto the three-dimensional superhydrophobic mesh, as 

shown in Fig. 5a-c. Kerosene was dropped into the beaker, 

while water was repelled and retained above the mesh. Fig. 5d 

exhibited that there are no oily droplets were present in the 

water. After the separation, nearly equal amount of water and 

kerosene were collected, which was suggested that extremely 

high separation efficiency of the coated mesh as shown in Fig. 

5e. 

 

 
 

Fig 5: Schematic illustration of the separation process of oil 

(kerosene)/water mixture based on the CS and silica overlap coated 

mesh. (a-b) water is dyed with methylene blue and oil is dyed with 

Oil Red O and then they are mixed before separation. (c-d) 

the separation process of the oil/water mixture using the 

overlap coated mesh. (e) The water and oil volume keep 

nearly the same after separation [20], with permission from 

RSC Nanoscale, Copyright 2016. 

 

Cao et al. [21] used the electrodeposition technique for the 

formation of superhydrophobic/superoleophilic copper 

meshes and then held it above candle flame to deposit carbon 

soot (CS) nanoparticles. The agglomerated CS nanoparticles 

formed a chain like rough hierarchical structure on which 

water drop exhibited contact angle higher than 153°. The CS 

deposited copper mesh quickly separated various oils such as 

silicone oil, cyclohexane, n-hexane, n-heptane, petroleum 

ether, and liquid paraffin from oil-water mixtures with oil 

separation efficiency greater than 90% even after 30 

separation cycles. The rough mesh was placed on 1.5 cm 

height of flame of burning candle for deposition for 5 

minutes, the whole preparation process is shown in the fig. 6, 

the superhydrophobic mesh surface was formed by using 

candle soot. 
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Fig 6: Schematic illustration of the preparation process of super-

hydrophobic and super-oleophilic copper mesh, and the application 

in oil-water separation [21], with permission from Colloids and 

Surfaces A: Physicochem. Eng. Aspects, Copyright 2017. 

 

Zulfiqar et al. [22] deposited cheaply available sawdust on 

polychloroprene adhesive-coated SS mesh with subsequent 

deposition of silicone polymer by dip coating. Thereafter, a 

thin layer of CS particles was applied on the as-prepared mesh 

by holding above a candle flame. The carbon soot (CS) 

nanoparticles uniformly deposited on silicone covered SD 

exhibited highly rough and porous morphology required for 

superhydrophobicity and superoleophobicity. As depicted in 

Fig. 7, a superhydrophobic SS mesh easily and rapidly 

separated oil-water mixture. No trace of water was observed 

in separated oil confirming its potential in oil-water separation 

capability. Apart from excellent oil-water separation 

efficiency (>95%), the superhydrophobic SS mesh exhibited 

good recyclability, reusability, and mechanical stability. The 

potential of these coatings for oil/water separation is shown in 

Fig. 7. The figure typically shows a mesh coated with 

superhydrophobic material holding water without any 

leakage. The superhydrophobic mesh was used for the 

separation of oil from oil-water mixtures as shown in Fig. 7. 

The mesh readily separated the oil while blocking the flow of 

water through its pores. The water content was not found in 

the separated oil, which confirms the excellent 

superhydrophobic/superoleophilic property. The steel mesh 

with excellent mechanical stability modified with durable 

superhydrophobic coating can be used as a medium for 

oil/water separation. 

 

 
 

Fig 7: Schematic illustration of a superhydrophobic mesh 

demonstrating (a) the separation of oil/water mixture and (b) 

collection of oil from oil/water mixture [22], with permission from 

Colloids and Surfaces A: Physicochem. Eng. Aspects, Copyright 

2017. 

 

Chen et al. [23] synthesized a superhydrophobic surfaces by 

simply placing the stainless steel (SS) on the middle of candle 

flame for deposition of carbon soot (CS) on the SS mesh. The 

candle soot coated substrate together with SiCl4 was placed in 

a drier for chemical vapour deposition. Then, though 

calcination at 600°C for half in air, CS composed NPs 

thermally degraded and diffused through the silica shell 

gradually. It was shows excellent oil-water separation 

efficiency even after 30 times recycling use of modified 

superhydrophobic surfaces. The superhydrophobic coating 

revealed excellent separation efficiency even after 6 times 

reuses of same superhydrophobic surface. It could be 

potentially used in optical and visual application scenarios 

were in harsh, oily environments, like goggles, building 

façade, visual oil-water separation device, touch screen, etc. 

As shown in Fig. 8, the cheap and accessible candle soot were 

used for formation of a rough surface template to directly 

deposition on the substrate. The candle soot was formed 

carbon nanoparticles forming by incompletely burned 

paraffin, which loosely bounded on the substrate and formed a 

rough surface. Finally, a hard and porous silica shell was 

deposited on the candle soot template through chemical vapor 

deposition of SiCl4 like Stober reaction, which completely 

formed the roughness of the template and a robust rough 

surface.  

 

 
 

Fig 8: Schematic of preparation and properties of the transparent and 

robust superhydrophobic coating and oil–water separation. Images 

reprinted from [23], with permission from Nature, Copyright 2022. 

 

Conclusion 

As this review highlights, carbon soot nanoparticles are 

unique in that, their fabrication requires little control of 

external parameters. It is beneficial economically, facile and 

straightforward to synthesize. The carbon soot nanoparticles 

coated sponges and mesh has been developed by using carbon 

soot nanoparticles and different polymers. The 

absorption/separation investigation demonstrates that, the 

carbon soot surface is highly efficient and stable in absorbing 

a wide range of oil and organic solvents. It can be believed 

that, the carbon soot coated superhydrophobic materials are 

very useful for oil-water separation. The carbon soot 

synthesis, carbon soot coated sponge/mesh preparation, 

procedures are simple, cost-effective and scalable. The 

absorption/separation investigation demonstrates that, the 

carbon soot sponge/mesh is highly efficient and stable in 

absorbing a wide range of oil and organic solvents. It can be 

believed that, the carbon soot coated superhydrophobic 

surfaces are very useful for oil-water separation. It shows 

various tremendous results with carbon soot-polymer 

composite in various mechanical conditions. A carbon soot 

nanoparticle shows significant surface area to volume ratio, 

high electronic and ionic conductivity. Carbon soot is 
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produced by simply burning of candles and hence, it is 

ecofriendly, economical and useful. Carbon soot coated 

sponge and mesh can show stability, durability, reusability 

and reproducibility. Hence, this review is helpful to upcoming 

researchers to develop highly scalable superhydrophobic 

surfaces for efficient oil-water separation applications.  
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Abstract 
Continually occurred the oceanic oil spill accidents and discharging huge amount of 

industrial oily wastewater cause a serious threat to the environment. Oil and organic 

pollutants in water has a severe problem for aquatic life and human being. There is a need to 

develop technology for oil-water separation. Recently, superhydrophobic/superoleophilic 

sponges, metal meshes, membranes and porous materials plays crucial role to separate oil 

from oil-water mixture. The micro and nanopores of substrate facilitate to enter liquid into it 

and superhydrophobic/superoleophilic property of substrate surface resist water and allows 

oil to enter into the porous substrate. Carbon soot nanoparticles are hydrophobic (water 

repellent) in nature and has the advantages of cost-effectiveness and production scalability 

over other carbons like graphene, carbon nanotubes (CNTs), carbon nanodots (CNDs), etc., 

in their synthesis. Carbon soot based superhydrophobic/superoleophilic surfaces have 

outstanding water repulsion and oil absorption capacity, highly selectivity, chemical 

inertness and excellent recyclability. In this paper, we discussed recent progress of carbon 

soot based superhydrophobic/superoleophilic sponges and meshes for oil-water separation. 

 

 

 

Keywords: Carbon soot, oil-water separation, sponge, stainless steel mesh and 

superhydrophobic. 

 

 

Introduction 

The oil spillage and industrial pollutants has emerged as 

critical issue to an ecosystem, human health, economic 

growth, etc. To address this challenge, several efforts have 

been done to separate oil and organic solvents from oil 

contaminated water [1-2]. The various methods such as spray 

coating, dip-coating, hydrothermal method, chemical vapour 

deposition, surface etching, solvothermal method, layer-by-

layer assembly and electrochemical treatment have been used 

to prepare superhydrophobic/superoleophilic coating on 

sponge and mesh surface [3]. The ideal 

superhydrophobic/superoleophilic meshes and sponges must 

have following characteristics, such as fine selectivity toward 

various oils, high separation efficiency, reusability and along 

with high mechanical, chemical, and thermal stability [4]. 

The superhydrophobic/superoleophilic surfaces have shown 

water contact angle (WCA) over 150°, sliding angle < 10° and 

oil contact angle <5° [5]. The traditional technologies, 

including in situ burning, bioremediation, chemical dispersant 

methods, skimming, and sorbents are used for oil-water 

separation. However, many of these technologies involve 

energy intensive and slow processes, have low oil-water 

separation capacities or create secondary pollution during the 

oil-water separation process, restricting their widespread 

practical applications [6-8]. Different strategies used for 

formation of hierarchical structures such as sol-gel coating, 

chemical vapor deposition, plasma etching, template 

processing, lithographic patterning, etc. have been adopted [9-

10].  
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Carbon soot (CS) generated from incomplete combustion of 

paraffin wax has demonstrated the advantages of cost 

effectiveness and production scalability over carbon 

nanotubes (CNTs), graphene and activated carbons in their 

synthesis. Hence, the carbon soot coated 

superhydrophobic/superoleophilic surfaces shows excellent 

oil-water separation ability rather than carbon nanotubes, 

carbon nanodots and graphene [11].  

Song et al. [12] have fabricated carbon soot (CS) coated mesh 

using dip-coating method. The cleaned stainless-steel mesh 

(SSM) was subsequently dipped in the glue solution for 10 

min and CS-dispersion, finally dried at 80°C to obtain the CS-

glue coated mesh. The CS coating is close packed because of 

using superglue (EVO-STIK Serious Glue) as a binder. The 

CS-glue coated mesh revealed the separation efficiency 

higher than 99.95%. Even after 20 cycle separation tests, it 

was shown excellent reusability and durability. The different 

chemical methods are used for the fabrication of the 

superhydrophobic/superoleophilic meshes/sponges for 

efficient oil-water separation. As the carbon nanotubes are 

hydrophobic in nature and it shows strong affinity toward oil, 

Lee et al. [13] adopted chemical vapor deposition (CVD) 

technique to deposit vertically aligned CNTs on stainless steel 

(SS) mesh. The as-prepared SS-CNT mesh effectively 

separates oil from water-in-oil emulsions with efficiency 

higher than 80%. Gu et al. [14] prepared polystyrene (PS) and 

carbon nanotubes coated superhydrophobic/superoleophilic 

membrane. The as-prepared superhydrophobic/ 

superoleophilic membrane shows mechanically robust PS-

CNT surface shows excellent oil separation from oil-water 

mixture with good repeatability and separation efficiency of 

more than 99%. Electrospinning technique can be effectively 

used to form superhydrophobic/superoleophilic surfaces. 

Wang et al. [15] prepared the polyurethane (PU) sponge from 

hydrophilic to superhydrophobic by dip coating it from the 

nanocomposite of CNT/poly- (dimethyl siloxane) (PDMS). 

The as-prepared superhydrophobic/superoleophilic sponge 

shows the continuous removal of various oils such as Soybean 

oil, motor oil, diesel, n-hexadecane, gasoline, and n-hexane 

from the surface of the water with high separation efficiency.  

 In this article, we will discuss on the simple, low-cost, rapid 

and innovative methods for the fabrication of 

superhydrophobic/superoleophilic carbon soot nanoparticle 

coated sponges and meshes for efficient oil-water separation 

application.  

 

Recent Developments for Effective Oil-Water Separation 

Superhydrophobic-Superoleophilic Sponge 

Hydrophobic candle soot (CS) particles can be collected 

easily and cost effectively from the candle flame. Li et al. [16] 

obtained the hydrophobic CS particles by incomplete 

combustion of hydrocarbons from the mid-candle flame. The 

polyurethane sponge immersed in the mixture of CS, 

hydrophobic silica nanoparticles, and PU resin to achieve 

stable superhydrophobicity. The CS-SiO2-PU sponge showed 

excellent oil separation capacity from hot water and acidic, 

alkaline, and salt solutions. The CS-SiO2-PU sponges could 

absorb a various oil efficiently and selectively, and show high 

absorption capacity that is up to 65 times of its own weight. 

Furthermore, the CS-SiO2-PU sponge possesses stable 

superhydrophobicity and excellent ability of selective 

absorption to oil even at various harsh conditions, including 

acid (1M HCl) and alkali (1M NaOH), and salt (1M NaCl) 

aqueous solutions at mechanical agitation condition, hot water 

and ice/water mixtures. The CS-SiO2-PU sponge combination 

with a vacuum system could continuously absorb and remove 

oil from water surface. As shown in (Fig. 1a), the contact 

angle of coloured water droplet on the PU sponge is nearly 

100° and the coloured kerosene droplet contact angle is about 

0°. However, the CS-SiO2-PU sponge shows 

superhydrophobicity and superoleophobicity simultaneously 

(Fig. 1b). The kerosene droplet was absorbed by the CS-SiO2-

PU sponge immediately when it was dropped on the surface 

of sponge, while the water droplet stayed on the surface of as-

prepared sponge and kept its spherical shape. As shown in 

(Fig. 1c and d), the water contact angle on the CS-SiO2-PU 

sponge is up to 155° and the SA is as low as 7°. Therefore, 

the water was repelled by the as-prepared sponge, whereas the 

oil absorbed through the sponge quickly. 

 

 
 

Fig 1: (a and b) Schematic illustration of the fabrication the 

wettability of the pristine PU sponge and the CS-SiO2-PU sponge to 

water and oil droplets, respectively. (c and d) The CA and SA of 

water on the CS-SiO2-PU sponge, respectively [16], with permission 

from J. Sol-Gel Sci Technol., Copyright 2017. 
 

Beshkar et al. [17] prepared durable magnetic 

superhydrophobic PU sponge by immersing it in the colloidal 

solution of straw candle soot (carbon nanoparticles) and 

further modification was done by Fe2O4 nanoparticles and 

PDMS. The waste oil was easily collected from the surface of 

water through guiding the magnetic superhydrophobic 

polyurethane (PU) sponge by a bar magnet. The wettability of 

sponge remained unchanged even after 30 

absorption/desorption cycles. The oil-water separation 

experiments were performed using the as-prepared optimized 

superhydrophobic sponge to absorbing of waste oil. The 

schematic of experimental protocol for preparation and 

operation superhydrophobic/superoleophilic magnetic straw 

soot sponge is shown in Fig. 2. It was indicated that the 

superhydrophobic sponge is taken by a magnet bar and 

absorbs waste oil completely from the oil-water mixture 

within 10 seconds. 

 

 
 

Fig 2: Schematic illustration of preparation of modified polyurethane 

sponge and oil separation process. Images reprinted from [17], with 

permission from Elsevier, Copyright 2017. 
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Gao et al. [18] obtained the candle soot (CS) particles from 

combustion flame and dispersed it in 1,2-dichloroethane 

(DCE). The superhydrophobic/superoleophilic melamine 

sponge prepared by a uniform coating of as-grown CS-DCE 

solution using dip-coating method. The CS-modified sponge 

exhibited strong water repellency and oil absorbency without 

further chemical modification (Fig. 3. a and b). An easy and 

fast recovery of engine oil floating on the water surface by 

CS-modified sponge confirms its high oil-water separation 

efficiency (Fig. 3. c–e). The CS-modified sponge could 

absorb numerous oils and organic solvents with an absorption 

capacity of 25-80 times of its own weight. Oil can be recycled 

for more than 10 times with absolutely no change in an oil 

absorption capacity and wettability of the CS-modified 

sponge.  

 

 
 

Fig 3: Schematic showing (a) Photograph of water and oil droplets 

on the surface of a CS-sponge. (b) Photograph of pure and CS-

sponges placed on water. (c-e) Photographs demonstrating the 

removal of an oil droplet from water using a CS-sponge [18], with 

permission from American Chemical Society, Copyright 2014. 

 

Yue et al. [19] the superhydrophobic surface was fabricated by 

using PVDF and candle soot via sugar template method. It 

was shown the water contact angle of 158° and roll-on angle 

of <6°. The oil quickly absorbed by superhydrophobic sponge 

shows the superoleophilic property. The sponge shows 

excellent oil-water separation property even after 25 cycles. 

The strong elasticity, high stretching resistance confirms that 

the modified superhydrophobic surface is highly mechanical 

durable. The modified sponge maintains the 89% of recovery 

rate even after 10 cycles. The absorption capability recovered 

up to 96% without obvious change of morphology of the 

sponge surface. This method was used to prepare a 

photothermal, porous PVDF/CS sponge with structural, 

chemical and mechanical property [19]. Fig. 4 shows that the 

preparation process of the porous PVDF/candle soot sponge. 

In short, sugar particles were placed into a mixture of 

PVDF/DMF/CS solution, followed by removing sugar 

templates via the water dissolving. It is important to note that 

a simple sugar-templating process was used for formation of 

superhydrophobic sponge, it requires only a simple as well as 

eco-friendly preparation process. 

 

 
 

Fig 4: Schematic illustration of the fabrication of porous 

PVDF/candle soot sponge using sugar template. Images reprinted 

from [19], with permission from Elsevier, Copyright 2021. 

Superhydrophobic/Superoleophilic Mesh 

Li et al. [20] deposited hydrophobic CS particles on a SS mesh 

by holding it in the mid-flame of paraffin candle and then 

spray coated the hydrophobic silica nanoparticles (50 nm) on 

it. The as-prepared carbon soot/silica nanoparticles (CS/SiO2) 

hybrid mesh revealed strong repellence toward pure water and 

droplets of pH ranging from 1 to 14, whereas the oil drops 

quickly spread on the surface. The hybrid mesh revealed 

strong ability to separate various oils and organic liquids 

mixed in pure water, hot water (92°C), and strong corrosive 

solutions (1M HCl, NaOH, and NaCl) with more than 98% of 

separation efficiency. The oil/water separation was performed 

as shown in Fig. 5. Because of the excellent mechanical 

flexibility of the stainless-steel mesh, the mesh was folded 

into a three-dimensional structure, then coated with CS and 

hydrophobic silica for oil/water separation. The coated mesh 

was placed on beaker and mixture of kerosene and water was 

poured onto the three-dimensional superhydrophobic mesh, as 

shown in Fig. 5a-c. Kerosene was dropped into the beaker, 

while water was repelled and retained above the mesh. Fig. 5d 

exhibited that there are no oily droplets were present in the 

water. After the separation, nearly equal amount of water and 

kerosene were collected, which was suggested that extremely 

high separation efficiency of the coated mesh as shown in Fig. 

5e. 

 

 
 

Fig 5: Schematic illustration of the separation process of oil 

(kerosene)/water mixture based on the CS and silica overlap coated 

mesh. (a-b) water is dyed with methylene blue and oil is dyed with 

Oil Red O and then they are mixed before separation. (c-d) 

the separation process of the oil/water mixture using the 

overlap coated mesh. (e) The water and oil volume keep 

nearly the same after separation [20], with permission from 

RSC Nanoscale, Copyright 2016. 

 

Cao et al. [21] used the electrodeposition technique for the 

formation of superhydrophobic/superoleophilic copper 

meshes and then held it above candle flame to deposit carbon 

soot (CS) nanoparticles. The agglomerated CS nanoparticles 

formed a chain like rough hierarchical structure on which 

water drop exhibited contact angle higher than 153°. The CS 

deposited copper mesh quickly separated various oils such as 

silicone oil, cyclohexane, n-hexane, n-heptane, petroleum 

ether, and liquid paraffin from oil-water mixtures with oil 

separation efficiency greater than 90% even after 30 

separation cycles. The rough mesh was placed on 1.5 cm 

height of flame of burning candle for deposition for 5 

minutes, the whole preparation process is shown in the fig. 6, 

the superhydrophobic mesh surface was formed by using 

candle soot. 
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Fig 6: Schematic illustration of the preparation process of super-

hydrophobic and super-oleophilic copper mesh, and the application 

in oil-water separation [21], with permission from Colloids and 

Surfaces A: Physicochem. Eng. Aspects, Copyright 2017. 

 

Zulfiqar et al. [22] deposited cheaply available sawdust on 

polychloroprene adhesive-coated SS mesh with subsequent 

deposition of silicone polymer by dip coating. Thereafter, a 

thin layer of CS particles was applied on the as-prepared mesh 

by holding above a candle flame. The carbon soot (CS) 

nanoparticles uniformly deposited on silicone covered SD 

exhibited highly rough and porous morphology required for 

superhydrophobicity and superoleophobicity. As depicted in 

Fig. 7, a superhydrophobic SS mesh easily and rapidly 

separated oil-water mixture. No trace of water was observed 

in separated oil confirming its potential in oil-water separation 

capability. Apart from excellent oil-water separation 

efficiency (>95%), the superhydrophobic SS mesh exhibited 

good recyclability, reusability, and mechanical stability. The 

potential of these coatings for oil/water separation is shown in 

Fig. 7. The figure typically shows a mesh coated with 

superhydrophobic material holding water without any 

leakage. The superhydrophobic mesh was used for the 

separation of oil from oil-water mixtures as shown in Fig. 7. 

The mesh readily separated the oil while blocking the flow of 

water through its pores. The water content was not found in 

the separated oil, which confirms the excellent 

superhydrophobic/superoleophilic property. The steel mesh 

with excellent mechanical stability modified with durable 

superhydrophobic coating can be used as a medium for 

oil/water separation. 

 

 
 

Fig 7: Schematic illustration of a superhydrophobic mesh 

demonstrating (a) the separation of oil/water mixture and (b) 

collection of oil from oil/water mixture [22], with permission from 

Colloids and Surfaces A: Physicochem. Eng. Aspects, Copyright 

2017. 

 

Chen et al. [23] synthesized a superhydrophobic surfaces by 

simply placing the stainless steel (SS) on the middle of candle 

flame for deposition of carbon soot (CS) on the SS mesh. The 

candle soot coated substrate together with SiCl4 was placed in 

a drier for chemical vapour deposition. Then, though 

calcination at 600°C for half in air, CS composed NPs 

thermally degraded and diffused through the silica shell 

gradually. It was shows excellent oil-water separation 

efficiency even after 30 times recycling use of modified 

superhydrophobic surfaces. The superhydrophobic coating 

revealed excellent separation efficiency even after 6 times 

reuses of same superhydrophobic surface. It could be 

potentially used in optical and visual application scenarios 

were in harsh, oily environments, like goggles, building 

façade, visual oil-water separation device, touch screen, etc. 

As shown in Fig. 8, the cheap and accessible candle soot were 

used for formation of a rough surface template to directly 

deposition on the substrate. The candle soot was formed 

carbon nanoparticles forming by incompletely burned 

paraffin, which loosely bounded on the substrate and formed a 

rough surface. Finally, a hard and porous silica shell was 

deposited on the candle soot template through chemical vapor 

deposition of SiCl4 like Stober reaction, which completely 

formed the roughness of the template and a robust rough 

surface.  

 

 
 

Fig 8: Schematic of preparation and properties of the transparent and 

robust superhydrophobic coating and oil–water separation. Images 

reprinted from [23], with permission from Nature, Copyright 2022. 

 

Conclusion 

As this review highlights, carbon soot nanoparticles are 

unique in that, their fabrication requires little control of 

external parameters. It is beneficial economically, facile and 

straightforward to synthesize. The carbon soot nanoparticles 

coated sponges and mesh has been developed by using carbon 

soot nanoparticles and different polymers. The 

absorption/separation investigation demonstrates that, the 

carbon soot surface is highly efficient and stable in absorbing 

a wide range of oil and organic solvents. It can be believed 

that, the carbon soot coated superhydrophobic materials are 

very useful for oil-water separation. The carbon soot 

synthesis, carbon soot coated sponge/mesh preparation, 

procedures are simple, cost-effective and scalable. The 

absorption/separation investigation demonstrates that, the 

carbon soot sponge/mesh is highly efficient and stable in 

absorbing a wide range of oil and organic solvents. It can be 

believed that, the carbon soot coated superhydrophobic 

surfaces are very useful for oil-water separation. It shows 

various tremendous results with carbon soot-polymer 

composite in various mechanical conditions. A carbon soot 

nanoparticle shows significant surface area to volume ratio, 

high electronic and ionic conductivity. Carbon soot is 
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produced by simply burning of candles and hence, it is 

ecofriendly, economical and useful. Carbon soot coated 

sponge and mesh can show stability, durability, reusability 

and reproducibility. Hence, this review is helpful to upcoming 

researchers to develop highly scalable superhydrophobic 

surfaces for efficient oil-water separation applications.  
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पररषदा घेतल्या गेल्या आहते. पररषदांच्या माध्यमातनू ' वतने खालसा ' करून आपला आत्मसन्मान 

जागतृ ठेवण्याचा मौणलक सल्ला डॉ.आंबेडकर यांनी णदला. त्यामळेु अथपशृ्य समजल्या जािाऱ्या महार 
- मांग समाजात आत्मभान जागतृ झाले. त्यांनी णपढ्यानणपढ्या लादलेली बंधने झगुारून णदली. वतन 

पररषदाच्या वेळी झालेले ठराव हहेी णततकेच बळ दिेारे आणि चळवळीला गती दिेारे ठरले. त्यामळेु 

सामाणजक णथर्तंतर झाल्याने समाज बदलाची ्ऺणक्या गणतमान झाली. ती ही 
सामाणजक,सांथकृणतक,राजकीय,मानणसक,शै्षणिक आणि धाणमणक या घटकाच्या बदलाच्या अंगाने 

झाली.म्हिनूच ्ऺथततु शोध णनबंधामध्ये ‘डॉ. बाबासाहेब आंबेडकर यांच्या वतनपररषदा आणि 

सामाणजक बदलाची भणूमका’ या अनषुंगाने सशंोधन करण्यात आलेले आहे.  
  

* िंशोधिाची उसि््िये:-  

१) वतन, वतनदार त्यांची काये याचा अभ्यास करि.े 

२) वतन पररषदा कालीन सामाणजक आणर्णक पररणथर्तीचा आढावा घेिे. 
३) सामाणजक क्ांतीचा पाया म्हिनू वतन पररषदांचे आयोजन सहसंबंध अभ्यासिे.  
४) डॉ. बाबासाहेब आंबेडकर यांच्या मागणदशणनाखालील / नेततृ्वाखालील वतनपररषदांच्या माध्यमातनू 

झालेल्या सामाणजक बदलाची भणूमका अभ्यास करि.े  

mailto:lokhandeanil143@gmail.com
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* विि व वििदार व त्यांची काये :-  

     वतन हा शब्द अरबी भाषेतील  असनू त्याचा मळू अर्ण आपला दशे, आपली जमीन असा आहे. 
इथलामी राजवटीत हा शब्द आपल्या मराठी भाषेत रूढ झाला. सरकारकडून गावच्या अणधकाऱ्याला 
अर्वा सवेकाला त्याच्या चाकरीच्या मोबदल्यात जी जणमनीची दिेगी णमळेल णतला 'वतन'  ही स्ंञा ्ऺा्቎ 

झाली. ही दिेगी (म्हिजे वतनी जणमनीची दिेगी) वंशपरंपरेने त्या कुटंुबात राहत असे. वतन ही मध्ययगुीन 

काळासह णशवकालीन कालखंडात गावगाड्यामध्ये पाटील, कुलकिी, चौगलेु, शेटे - महाजन, दशेमखु 

- दशेपांडे ह ेगावातील ्ऺमखु वतनदार लोक होते. वतनदार एक ्ऺकारचे ्षामआणधकारीच होते. गावचा 
कारभार कायण्षमपि ेचालवण्यासाठी त्यांची णनणमणती केली गेली.  णशवकालीन समाज जीवनात ' वतनास 

' मोठी ्ऺणत्ीा होती. इणतहासाच्या सदंभाणत ' वतन ' ही स्ंञा एखा्या गावच्या कायमच्या रणहवाशाला 
त्यांने ्षामसवेा करावी या उ्देशाने त्याच्या घराण्याला सरकारी सारा माफ, जमीन वंशपरंपरागत एका 
सरकारी सनदे ्षारे बहाल केली जात तेव्हा त्यास वतन म्हित. सवण्ऺर्म इणतहासाच्या दृण्िकोनातनू ' 

वतन' याचा अर्ण समजनू घेतला पाणहजे. णशवकालीन समाजव्यवथर्ा / वतनव्यवथर्ा यामध्ये आढळिारा 
णमरासदार /जमीनदार यांच्या शेतावर राबिारा वगण अशी ज्यांची गिना होत असे तो बलतुेदार वगण. 
मध्ययगुीन महाराि्रातील समाजव्यवथर्ेचा बलतुा हा एक ्ऺकारे अणवभाज्य घटक होता. तत्काणलन 

वतनसथंर्ेत / समाज व्यवथर्ेत बलतुेदार याची सखं्या १२ असलेली पाहायला णमळते. वतन सथंर्ेमधील 

बलतुेदार वगण यामधील ्ऺमखु जाती महार - मांग यांसह इतरही होत्या. मध्ययगुीन काळात सरुू झालेली 
ही व्यवथर्ा आधणुनक काळातही अणथतत्वात होती.  
     वतनदारास (बलतुेदार) सरकारी व खाजगी कामे करावी लागत होती. दररोज पाटील, 

कुलकिी यांची णवणवध काम ेकरावी लागत असत. गावातील मेलेली जनावरे गावाबाहरे ओढून नेऊन 

टाकिे. ्ेऺतांची लाकडे टाकि,े जनावरे राखि,े गावची राखि करि,े गावाची साफसफाई करि,े लाकडे 

फोडिे इत्यादी कामे कमी मोबदल्यात करावी लागत होती. 
वेळ्ऺसगंी वतनदाराकडून णवनावेतन काम करून घेतल्यामळेु त्यांना हलाखीचे जीवन जगाव ेलागे.  
णहदं ूसमाजाने वतनापोटी लादलेल्या गलुामणगरीतनू त्यांची मिुता करून केवळ बंधनातनू मिुच केले 

नाही तर इतर समाज उपभोगीत असलेले सवण मानवी हक्क त्यांना बहाल केले.  स्पटेंबर १९१८ मध्ये 

महार वतन र्दबातल केले. अशा ्ऺकारे समाज व्यवथर्ेला धक्का दणे्याचा पणहला ्ऺयत्न छ. शाहू महाराज 

यांनी कोल्हापरू सथंर्ानात केला. छ. शाहू महाराजांचा सामाणजक न्यायाचा वारसा बाबासाहेबांनी पढेु 

चालू ठेवला. बाबासाहेबांच्या मते वतन हे या समाजातील लोकांच्या ्ऺगतीला अडर्ळा ठरत आहे.  
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* डॉ. बाबासाहबे आंबेडकर यांच्या वतन पररषदा  
     महाराि्रात काही जाती व जमातींना वतनदारी ्ऺा्቎ झालेली होती त्यात महार समाजाला वतन जाथत 

्ऺमािात णठकणठकािी णमळालेले होते ह ेसवण्ቦतुच आहे. तसचे काही मांग कुटंुणबयांना स्ुधा अशी वतने 

णमळालेली होती.  
    १) महार वििपररषदा 
 बाबासाहबेांच्या वतनपररषादा मधील महत्वपिूण भाग म्हिजे महार वतन पररषदा होय.  बाबासाहबे 

आंबेडकर णवणवध पररषदा आणि कायणक्माच्या णनणम्ताने सोलापरू शहर आणि णजल्यात आले होते. 
त्यांच्या अध्य्षतेखाली सोलापरू शहरातील आताचे णमणलंद नगर आणि तत्कालीन र्ोरल्या 
राजवाड्यातील पंचाच्या चावडीत २६ व २७ नोव्हेंबर १९२७ रोजी वतनदार महार पररषद सपंन्न झाली 
होती. अशा अनेक महार वतन पररषदा बाबासाहेबांच्या मागणदशणनाखाली कधी अध्य्षतेखाली 
महाराि्रभर झाल्या होत्या. त्याची आकडेवारी णनण्ात सांगता येत नाही. मा्ऴ ज्या वतन पररषदांची 
माणहती उपलब्ध आहे. त्यापैकी उदाहरि दाखल सोलापरू येर्ील २६ व २७ नोव्हेंबर १९२७ ची परीषद 

णहचे थवागताध्य्ष णजवा्पपा सभुानरव ऐदाळे होते. सोलापरूची ही पररषद ऐणतहाणसक आणि क्ांणतकारी 
मानली जात.े या पररषदसेाठी शहर आणि णजल्यातनू साधारिता पाच हजार पे्षा जाथत जनसमदुाय 

उपणथर्त होता. या पररषदते अध्य्षीय भाषिात डॉ. बाबासाहबे आंबेडकर यांनी अथपशृ्य बांधवांना 'महार 
वतन' सोडा असा मौणलक सल्ला णदला होता. अथपशृ्य बांधवांनी आपली गावे सोडून थवतःची थवंत्ऴ  

वसाहत णनमाणि करून राणहला णशकलं पाणहजे. थवतःच्या आणर्णक उन्नतीचा पाया थवतःच रचला पाणहजे. 
थवावलंबी झालं पाणहजे. त्यासाठी बाबासाहेबांनी खादी णविा असा एक थवतं्ऴ व्यवसाय सचुवला होता. 
अथपशृ्य समाजातील ्ऺत्येकाने खादीचे कपडे घेतल्यास तो रोजगार आपल्या अथपशृ्य बांधवांना खादीतनू 

णमळू शकतो. असा अनमोल असा सल्ला बाबासाहबेांनी णदला होता. 
या पररषदते महत्वपिूण आठ ठराव करण्यात आले होते. त्यास उपणथर्त सवाांनी टाळ्यांच्या कडकडात 

अथपशृ्य जनतेच्या वतीने आठही ठरावांना मंजरुी णदली होती. त्यापैकी एक अणतशय महत्वाचा ठराव 

म्हिजे णहदं ूसमाजातील समाज बांधवांनी चातवुणिण प्धती बंद करून सवाांसाठी एकच विण कसा करता 
येईल. यावर कृतीशील अंमलबजाविी तातडीने करावी. त्यास जर णवलंब झाला तर अथपशृ्य जनतेला 
धमाांतरासारखा वेगळा णवचार करावा लागेल असा महत्वपूिण ठराव करून धमकीवजा इशारा त्यावेळी 
पररषदचे्या माध्यमातनू बाबासाहेबांनी णदला होता. 
 

 



 

 

ISSN No. 2231-4342 

Multi-Disciplinary International Reserach Journal Peer Reviewed January 2024 Special Issue  

P
a
g
e

 2
2

6
 

    २) मांग/ मािंग वििपररषदा  
  बाबासाहबे आंबेडकर यांनी ज्या ्ऺकारे महार समाजाला वतन पररषदा घेऊन वतनातनू मिु होण्यास 

्ऺव्ृत केले. बाबासाहेबांच्या मागणदशणनाखाली, अध्य्षतेखाली मातंग समाजासाठीही थवतं्ऴ अशा १४ 

पररषदांचे आयोजन करण्यात आले होते. यातील काही मोजक्याच पररषदांची माणहती आज उपलब्ध 

आहे. उदा. मुंबई, दौंड, सोलापरू, नाणशक, काटोल,अकोला अशा अनेक णठकािी पररषदा सपंन्न झाल्या 
आहते. मातंग समाजातील अनेक तत्काणलन पढुाऱ्यांनी मोठ्या णहरणहरीने या पररषदांचे आयोजन करून 

बाबासाहेबांच्या मागणदशणनाखाली आपल्या हक्क आणि अणधकार यांची जाणिव करुन दणे्याचे काम केले. 

मातंग समाजातील लोकांचा ्ऺणतसाद हा णदवसेंणदवस वाढत होता. मातंग समाज पररषदांपैकी ७ णडसेंबर 

१९२७ साली मातगं समाज पररषद, मुंबई येर्े भरली होती.  या पररषदचेे मागणदशणक थवतः बाबासाहेब तर 
अध्य्ष बाबासाहबेांचे णव्षास ूसहकारी कोंडाजी रामाजी माथतर मांग होत.े या पररषदते बाबासाहबेांनी 
मातंग समाजाच्या डोळ्यात झिझिीत अंजन घालिारे मागणदशणन केले. या्ऺसगंी बोलताना बाबासाहबे 

म्हिाली की, " मातंग समाजाने बघ्याची भणूमका न घेता उन्नतीच्या या चळवळीत सामील व्हावे  आणि 

अशा समाजकायाणला सहयोग ्यावा ." या बाबासाहबेांच्या णवचाराने व कायाणने मातंग समाज भारावनू 

गेला. या पररषदलेा समुारे २०० मातंग ኚᮌी - परुुष उपणथर्त होते. या्ऺसंगी बाबासाहेब आपल्या भाषिात 

पढेु म्हितात, " मला असे वाटत े की जोपयांत मातंग समाजाला णशळे तकुडे खायला णमळत आहते. 

तोपयांत मातंग समाजाची हीच णथर्ती राहिार आहे. मातंग समाजात णहदं ूधमाणने ठरवनू णदलेला जनुा मागण 
जोपयांत चाल ूआह.े तोपयांत नव्या मागाणने जाण्यास कोिीही मातंग कायणकताण णनघिार नाही. णहदं ूधमाणने 

दाखवनू णदलेल्या जनु्या मागाणचा अवलंब करून मातंग आज मािसुकीला दरुावला आह.े" या पररषदते 

काही महत्वाचे ठराव मांडले, मंजरू करून  जाहीर केले ते खालील ्ऺमाि.े 

१) डॉ. बाबासाहेब आंबेडकर यांच्या नेततृ्वाखालील महाड येर्ील सत्या्षहाला मातंग समाजाने पाणठंबा 
्यावा 

२) म्यणुन्सपल थकूल मुंबई येर्े अथपशृ्य व मांग मलुांना एक्ऴ बसण्यास व पािी णपण्यास मज्जाव केला 
जातो. या कृतीचा आम्ही जाहीर णनषेध करतो. 

३) चातवुणण्यण प्धती ऐवजी एकविण प्धती अणथतत्वात आिली नाही तर परधमाणत जाण्याचा णवचार  
बाबासाहेबांनी पररषदते मांडला. पररषदनेे या णवचाराला जाहीर पाणठंबा घोणषत केला.  

    ३) महार- मांग वतनपररषदा(सयंिु) 

        महार - मांग वतनदार पररषद ,कसबे तडवळे (ढोकी)  २३ फेिवुारी १९४१ -  

सन १९४१ च्या णनजाम काळात अथपशृ्यांच्या ्ऺ्ाावर, त्यांच्या शोषिमिुीच्या ्ऺ्ाावर त्यांना जागतृ 

करि ेतसचे महार - मांग समाजात जागतृी करण्यासाठी, त्यांचे सघंटन करण्यासाठी आणि त्यांच्यामध्ये 
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णश्षिाची गोडी णनमाणि व्हावी यासाठी बाबासाहेबांना ही पररषद आवश्यक होती. म्हिनू त्याकाळात 

बाबासाहेबांना या जनजागतृीसाठी मराठवाड्यातील णनजाम राज्यामध्ये कोित्याही गावात महार - मांग 

अथपशृ्यांची पररषद घ्यायची होती. मा्ऴ णनजामाने ही पररषद घेण्यास मनाई केल्याने बाबासाहबेांनी इ्ंषज 

सरकारकडे परवानगी माणगतली परवानगी घेताना कसबे तडवळे ह ेगाव जािीवपवूणक णनवडले कारि या 
गावाच्या णतन्ही बाजलूा ह्ैशाबादच्या णनजामाचे राज्य म्हिजेच ह ेगाव आंग्लाई आणि मोगलाई च्या  
सरह्दीवर वसलेले असल्याने ह े णठकाि पररषदसे योग्य होते, कारि बाबासाहेबांना व इतर पढुाऱ्यांना 
मोगलाईत भाषि बंद होती. हे ल्षात घेता सरह्दीवरील गावात पररषद घ्यायची असा हते ूसयंोजकांचा 
असावा.  त्या अर्ी कसबे तडवळे(ढोकी) ह ेगाव बाबासाहबेांना पररषदसे सोयीथकर वाटले. 

 ठरल्या्ऺमािे णद.२२ फेिवुारी रोजी बाबासाहबे  रेल्वेने पररषदचे्या णठकािी उपणथर्त राहण्यासाठी 
सकाळी दहा वाजता रेल्वेचा शेवटचा र्ांबा असलेल्या कसबे तडवळे येर्े पोहोचले. बाबासाहेबांची 
णमरविकू ततुारी, नगारे, सनई, ढोल लेझीम, इत्यादीच्या जयघोषात बैलगाडीतनू काढण्यात आली. 
दसुऱ्या णदवशी २३ फेिवुारी सभेला सबंोणधत करत असताना बाबासाहेब म्हिाले, गांधीजींना णहदं ूगव्हनणर 

पाणहजे, कलेक्टर पाणहजे, मग अथपशृ्य का नको?णनजाम ह्दीतच काय?  कुठेही जावा महारांची णथर्ती 
सवण्ऴ सारखीच अशी खंत व्यि केली. अजनु त्यांच्या पोटाचा ्ऺ्ा सटुला नाही, णश्षिाची ही सोय 

झालेली नाही, लाखो एकर जमीन गायरान पडलेली असनू अथपशृ्यांची उपासमार होते. यासाठी सघंटन 

करावे. मतृ ्ऺाण्यांची मांस खाऊ नका, णशका, थवच्छ रहा, थवाणभमान बाळगा वगैरे णवषयांवर या पररषदते 

णवथततृ मागणदशणन केले.  बाबासाहबेांनी म्हिाले णनजाम सथंर्ानातील महार व मांग वतनदाराची णथर्ती 
सारखीच होती भारतातील अनेक सथंर्ांना पैकी णनजामाचे राज्य सवाणत मोठे होते.  त्यामानाने बडोदा 
राज्य फार लहान आह.े परंत ुया सथंर्ांनाने अथपशृ्यांच्या णश्षिाची सोय केली. तर म्हसैरू सथंर्ांनामध्ये 

अथपशृ्यांना जणमनी णमळाल्या. त्या सथंर्ांनात त्यांच्या णहताकडे णवशेष ल्ष णदल्याचे णदसनू येते. मा्ऴ 

तशी हदैराबाद सथंर्ानात सोय झाली नाही. बाबासाहबेांनी  कसबे तडवळे  महार - मांग वतनदार 
पररषदमेध्ये त्यांच्यावर होिारे अन्यायाला णनण्ातच वाचा फोडली होती. जातीव्यवथर्ा, अथपशृ्यता 
याणवषयी णचंता व्यि करून मागणदशणन केले. असे त्यावेळेस त्यांनी मागणदशणनपर उपाय सांणगतले. वतनदार 
पररषदमेध्ये बाबासाहबेांचे भाषि झाल्यावर तीन ठराव मांडून पास करून घेण्यात आले होते. त े

खालील्ऺमािे....  
१) णनजाम सरकारच्या ह्दीतील वतनदार महार - मांग लोकांना  करावी लागिारी काम ेल्षात घेता 

त्यांना सरकारकडून योग्य मोबदला णमळत नाही.  तरी सरकारी जंगलांच्या जणमनी दऊेन त्यांच्या 
पोटाचा ्ऺश्न णमटवावा. 
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२) णनजाम ह्दीत राहिाऱ्या अथपशृ्य लोकांची हळेसांड होत आहे. तरी सरकार तफे त्यांच्या ्ऺार्णमक 

णश्षिाची सोय त्वररत करण्यात यावी. 
३) नवीन होिाऱ्या राज्यघटनेत णनजाम ह्दीतील अथपशृ्य जनतेला त्यांच्या लोकसखं्येच्या ्ऺमािात 

्ऺणतणनधी णमळावे 
 

सारांश / णनि्कषण :- 
       थवातंऴ्यपवूण व थवातंऴ्यो्तर काळात डॉ.  बाबासाहेब आंबेडकर यांच्या मागणदशणनाखाली व 

अध्य्षतेखाली घेण्यात आलेल्या वतन पररषदा या अथपशृ्यांच्या 
सामाणजक,सांथकृणतक,राजकीय,मानणसक,शै्षणिक आणि धाणमणक जीवनात अमलुा्ष बदल 

करण्याच्या कायाणत मैलाच्या दगड ठरल्या आहते. वतन पररषदांमध्ये मांडण्यात आलेले ठराव 

आणि त्यास एकमखुाने णमळिारी मंजरुी व पाणठंबा हा दखेील इर्ल्या व्यवथर्ेला सरंुुग लाविारी 
क्ांणतकारी गो्ि होती. जनसमदुायाच्या मानवमिुीच्या लढ्यात वाढता सहभाग ह ेझालेल्या वतन 

पररषदांच े फणलत होते. अनेक पररषदा या अथपशृ्यांच्यासाठी आयोणजत केल्या होत्या त्यामध्ये 

थपशृ्यांनी सहभाग घेतला होता म्हिजेच सामाणजक बदलासाठी थपशृ्य- अथपशृ्य लोकांनी 
एकण्ऴतपिे सहभाग  घेतला हे वतन पररषदचे यश आहे.  
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1 Introduction
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2 �Experimental�details

2.1 �Materials

2.2 �Preparation�of�Si�NPs�and�SiNG�anode�
and�device�fabrication

2.3 �Material�characterization
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3 �Results�and�discussion

3.1 �Structural�analysis

Fig. 1  The X-ray diffraction patterns of a Si NPs and b SiNG 

composite
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3.2 �Fourier�transform�infrared�spectroscopy

3.3 �Surface�area�analysis

P P P

Fig. 2  The Fourier transform infrared spectroscopy of a Si NPs 

and b SiNG composite
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Fig. 3  Nitrogen adsorption–desorption isotherms of a Si NPs and c SiNG composite, and pore size distribution curves of b Si NPs and 

d SiNG composite



1465

3.4 �Raman�spectrum�analysis

D G

3.5 �Morphological�analysis

3.6 �Energy‑dispersive�X‑ray�spectroscopy

Fig. 4  The Raman spectra of a Si NPs and b SiNG composite
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3.7 �Contact�angle�measurement

Fig. 5  FE-SEM images of Si NPs anode: a 5 k, b 100 kX, c EDX spectrum (Insets show atomic percentages of elements). For SiNG 

composite anode: d 5 k, e 100 kX, and f EDX spectrum (Insets show atomic percentages of elements)

Fig. 6  Water contact angle photographs of a Si NPs and b SiNG composite electrode
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3.8 �Electrochemical�characterizations

+

+

Fig. 7  The schematic rep-

resentation of Si NPs anode 

half-coin cell device

Fig. 8  The galvanostatic charge–discharge (GCD) potential pro-

files and derivative capacity curve of a Si NPs at 0.14C and b 

SiNG composite anode at 0.18C
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Fig. 9  CV of Si NPs and SiNG composite anode at the scan rate 

of 0.1 mV  s−1
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Fig. 10  a Galvanostatic charge–discharge profiles of Si NPs 

anode for the 1st, 5th, 25th, 50th, 75th and 100th cycles at a cur-

rent density of 420 mA  g−1 (0.14C), b Number of cycles vs. spe-

cific capacities and Coulombic efficiency of Si NPs anode at cur-

rent density of 420 mA  g−1 (0.14C), with specific capacity scale 

located on the left side and Coulombic efficiency scale located on 

the right side, c The rate performance of SiNPs anode at different 

current densities are 420 mA  g−1 (0.14C), 840 mA  g−1 (0.28C), 

2100 mA  g−1 (0.70C), 4200 mA  g−1 (1.41C), and 8400 mA  g−1 

(2.82C), d Galvanostatic charge–discharge profiles of SiNG 

composite anode for the 1st, 5th, 25th, 50th, 75th and 100th 

cycles at a current density of 419.98  mA   g−1 (0.18C), e Num-

ber of cycles vs. specific capacities and Coulombic efficiency 

of Si NPs anode at current density of 419.98  mA   g−1 (0.18C), 

with specific capacity scale located on left side and Coulombic 

efficiency scale located on the right side and f The rate perfor-

mance of SiNG composite anode at different current densities 

are 420.1  mA   g−1 (0.18C), 839  mA   g−1 (0.37C), 2099  mA   g−1 

(0.94C), 4199.9 mA  g−1 (1.89C), and 8399.9 mA  g−1 (3.79C)
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Table 1  Silicon (Si) in organic electrolyte with charging/discharging capacity for LiB

Bold values indicate the results of the present work. The table comparesthese results with those from the literature survey

Sr. No Anodes for lithium-ion battery 

(LIB)

Organic electrolyte (OE) Specific capacity 

mAh/g (Discharge/

charge)

Stability Cycles No 

with specific capacity 

(mAh/g)

Refs. No

1 Si NPs + Cellulose 1.3 M  LiPF6 2022/1594 500 [39]

808

2 Si/CNT/CM + Sucrose 1 M  LiPF6 2302/3152 100 [40]

784

3 Si@SiOx@C + Sucrose 1 M  LiPF6 2560/1972 50–1800 [41]

100–2000

4 3-APTS-EGO/Si@C + Sucrose 1 M  LiPF6 1201/798 350 ~ 750 [42]

5 Nc-Si@HCS + Sucrose 1 M  LiPF6 3400/1570 938 [43]

50

6 T-SGT/Si@C 1 M  LiPF6 774.5/620.4 300–434.1 [44]

CGT/Si@C 781.8/617.4 300–589.8

7 Si@G 1 M  LiPF6 1290/1001 850 [45]

100

8 nano-Si/G-1 1 M  LiPF6 596/532 100–451.4 [46]

nano-Si/G-2 894/813 100–592.5

nano-Si/G-3 1284/958 100–763.1

9 Si@C/G 1 M  LiPF6 1267/985.6 150 [47]

919

10 Si/C 1 M  LiPF6 867.6/640.5 40 [48]

447.5

11 G/Si@reGO 1 M  LiPF6  ~ 770/580 50 [49]

420.5

14 Si-G 1 M  LiPF6  ~ 1550/- 1300 [50]

400

15 SNGA/NG 1 M  LiPF6 1400/ ~ 1070 200 [7]

455

16 VMoS2 1 M  NaSO3CF3 into DGM 548.1 800 [51]

451.6

17 CoS2/NiS2 1 M  NaSO3CF3 into DGM 906.3/801.5 2000 [52]

545.1

18 MoS2-MS 1 M  NaSO3CF3 into DGM 498/438 500 [53]

412

19 CoNi@NCNTs/S 1 M LiTFSI 676.8 500 [54]

486

20 Si NPs + Sucrose + CB 1 M LiPF6 1568.9/1561.3 100 Present work

1137.6

21 SiNG + Sucrose + CB 1 M LiPF6 1780.7/1728.6 100 Present work

1297.5
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Fig. 11  The electrochemical impedance spectra (EIS) of a Si 

NPs and b SiNG composite anode half-coin cells



1465

R RCT

3.9 �Post‑mortem�physico‑chemical�
characterizations

x

x

x

Fig. 12  The post-mortem XRD patterns of a Si NPs and b SiNG 

composite-lithiated electrodes
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Fig. 13  Post FE-SEM 

images of Si NPs anode 

lithiated electrode a 5 kX, b 

100 kX and SiNG composite 

anode lithiated electrode c 

5 kX, d 100 kX
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4 �Conclusions
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1 Introduction
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Oryza sativa Bambusa vulgaris

Zea mays Saccha-
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2 �Experimental�details

2.1 �Materials

Oryza sativa
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2.2 �Synthesis�of�CCαL��SiO2 NPs

Oryza sativa
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2.3 �Preparation�of�CCαL��SiO2�NPs�electrode�
and�fabrication

SiO2 + 2NaOH
(

aq
)

→ Na2SiO3(s) +H2O(l)

Na2SiO3(s) +H2SO4

(

aq
)

→ SiO2(s) +Na2SO4

(

aq
)

+H2O

6

2.4 �Physico‑chemical�characterizations
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Fig. 1  a Flow diagram for 

the synthesis of crystalline 

cristobalite alpha low silicon 

dioxide nanoparticles (CCαL 

 SiO2 NPs) from Oryza sativa 

husk and b Schematic repre-

sentation of CCαL  SiO2 NPs 

anode half-coin cell
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2.5 �Electrochemical�characterization

+

+

3 �Results�and�discussion

3.1 �Physico‑chemical�characterizations

Fig. 2  a XRD pattern of CCαL  SiO2 NPs anode, b FTIR spectrum of CCαL  SiO2 NPs anode, c Nitrogen adsorption–desorption iso-

therm of CCαL  SiO2 NPs anode and d Pore size distribution curves of CCαL  SiO2 NPs anode
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D =

0.9�

�Cos�
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‑

Fig. 3  a The Raman spectrum of CCαL  SiO2 NPs anode, FE-

SEM images of CCαL  SiO2 NPs anode at b 5002 X, c 30,000 X 

magnifications, d EDX spectrum of CCαL  SiO2 NPs (Insets show 

atomic percentages of elements) and e water contact angle photo-

graph of CCαL  SiO2 NPs electrode
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3.2 �Electrochemical�characterization

+

+

+

5SiO2 + 4Li
+
+ 4e

−
↔ Li2SiO2O5 + Si

3SiO2 + 4Li
+
+ 4e

−
→ Li2SiO3 + 2Si

2SiO2 + 4Li
+
+ 4e

−
→ Li4SiO4 + Si

SiO2 + 4Li
+
+ 4e

−
→ 2Li2O + Si

Li2SiO2O5 + Si ↔ 5SiO2 + 4Li
+
+ 4e

−

Li4SiO4 + Si → 2SiO2 + 4Li
+
+ 4e

−

2Li2O + Si → SiO2 + 4Li
+
+ 4e

−
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Fig. 4  a Galvanostatic charge–discharge potential profiles for 

differential derivative capacity plots of CCαL  SiO2 NPs anode 

at current density is 392.7 mA   g−1, b Galvanostatic charge–dis-

charge of CCαL  SiO2 NPs anode for the 1st discharge, 1st, 5th, 

25th, 50th, and 100th (current density is 392.7 mA   g−1 (0.27C) 

cycles, c Number of cycles vs. specific capacities and Coulom-

bic efficiency of CCαL  SiO2 NPs anode at current density of 

392.7  mA   g−1 (0.27C), with specific capacity scale located on 

the left side and Coulombic efficiency scale located on the right 

side, d Rate performance and Coulombic efficiency through-

out cycles of CCαL  SiO2 NPs anode at various applied cur-

rent densities (C-rates): 372.1  mA   g−1 (0.26C), 930.3  mA   g−1 

(0.65C), 1860.6 mA   g−1 (1.31C), 3721.25 mA   g−1 (2.63C), and 

9303.1 mA   g−1 (6.58C), with specific capacity scale located on 

the left side and Coulombic efficiency scale located on the right 

side and e Nyquist plot of CCαL  SiO2 NPs anode (Inset shows 

the fitted equivalent circuit from the EIS data)

◂
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Oryza sativa

+

Oryza sativa

Oryza 

sativa

Oryza sativa

Table 1  Oryza sativa husk-derived  SiO2 NPs as anodes in organic electrolytes with charging/discharging capacity for Li-ion batteries

Sr. no Lithium-ion 

battery

First discharge 

capacity (mAh 

 g−1)

First charge 

capacity (mAh 

 g−1)

Stability cycles 

no

Stability 

capacity

Coulombic 

efficiency 

(%)

Furnace Heating 

Temperature 

(°C)

References

1 Oryza sativa C/

SiO2

Near 2100 200th 800 80 – 29

2 Oryza sativa 

 SiO2/C

733 – 50th 176 98 650 32

3 SN@C/SiOx Near 2000 Near 1200 1200th 632 70.4 600 14

4 BM-RH-SiO2/

NC

1373 100th 780 99 650 33

5 ZnO/rice husk-

based hollow 

carbonaceous 

nanosphere

1679 1024 100th 920 99.5 500 34

6 Oryza sativa

CCαL  SiO2 NPs

1226.6

C-rate 0.27C

OR

(392.7 mA  g−1)

1213.4

C-rate 0.27C

OR

(392.7 mA  g−1)

100th 511.8 97.6 900 This work
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3.3 �Post‑mortem�physico‑chemical�
characterizations
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Fig. 5  a Post-mortem XRD pattern of CCαL  SiO2 NPs anode lithiated electrode and Post-mortem FE-SEM images of CCαL  SiO2 NPs 

anode at b 5000 X, c 30,000 X, and d 100,000 X magnifications
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4 �Conclusion

Oryza sativa

6
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