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Abstract: ZnO 'vas immobilized on the montmorillonite (MMT) to synthesize ZnO/MMT nanocomposite. Physic­

ochemical properties of the fµ>-synthesized nanocomposite were determined using X-ray diffraction, scanning electron 

microscopy, transmission electron microscope, Fourier transform infrared spectroscopy, N 2 adsorption/desorption, and 

point of zero charge pH (pHp;c) analysis. The performance of the prepared ZnO/MMT nanocomposite was examined 

for the photocatalytic ozonation of Disperse Red 54 (DR54) and the highest decolorization efficiency (88. 753 after 

60 min of reaction time) was the result for the mentioned process compared to adsorption, single ozonation, catalytic 

ozonation, and photolysis. The influence of various operational parameters including initial dye concentration, catalyst 
concentration, pH value, inlet gas concentration, and type of irradiation source was investigated on the efficiency of the 

photocatalytic ozonation removal of DR54. Various inorganic and organic reactive oxygen species (ROS) scavengers were 

applied to investigate the mechanism of photocatalytic ozonation. In addition, a three-layer perceptron neural network 
\Vas developed for modeling the relationship between the operational parameters and decolorization efficiency of the dye. 

High R 2 values were obtained for both the training and test data. 
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1. Introduction 

Synthetic dyes give good properties to dyed materials and supply a wide range of different colors~ and so they 

are widely used in different industries such as cosmetics, text.Hes, food, and leather. 1- 4 Among the synthetic 

dyes, azo dyes, \vith an azo group bound to the aromatic rings, are of great importance. However, azo dyes 

are considered a threat to the environment due to their potential carcinogenic nature, nonbiodegradability, and 

toxicity. 5 Therefore, as a consequence, different methods based on the generation of hydroxyl radicals, which 

are known as advanced oxidation processes (AOPs), 6 have been developed for the degradation of azo dyes in 

wastewater. The results of research demonstrate that among the AOPs heterogeneous photocatalysis has a 

great potential for degradation of organic pollutants. 1•7- 14 Although a wide variety of organic compounds can 

be destroyed through the photocatalysis process, mineralization of the pollutants is not complete and fast in 

some cases. 15 The photocatalysis process can be improved by combining with other chemical processes such 

as electrochemical treatment, ultrasonic irradiation, photo-Fenton reaction, and ozonation. 16•17 Ozone is a 

strong oxidizing agent (E 0 = 2.08 V) that can react \vi th various organic compounds via direct or indirect 
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' Abstract: ZnO was iunnobilized on the inoutmorillonite (IV[f\.1'f) to synthesize ZnO/IVIl\!IT naHoco1nposite. Physic-. 

ochcmical properties of the a.c;-synthcsizcd nanocomposite \v0rc d0t;0nninr.d nsinp; X-ray diffract.ion, scanning electron 

inicroscopy, trflJJSrnis'sion electron n1icroscope1 Fourier transforn1 infn:tred ,c;pectroscopy1 N 2 adsorption/desorption, and 

point of zero ,,,harge pfl (pl·l 7,zc) analysis. The perfor1nancc of the prepared ZnO/IVIM~r nnnocornposite was examined 

for I.he pho(;ocDl.alyl;ic o;i;onation of Disperse R.ed 5,1 (DR5'1) and 1.he hiµ;hesl; decolori;i;ation efficiency (88.753 after 

60 n1in of reaction l:hlle) was the result for the inentioued process co1npared to cidsorpt.iou, ,c;ingle ozonation, catalytic 

ozonation, and photolysis. 'l'he influence o[ various operational jJanunct.ers including illitial dye concentration, catalyst 

concentrnt;ion, pl-l vn!uc, inle!; ga.c; conce11t;rat.ion 1 and !;ype of irradiot.ion :o;ourcc was inveStigated on the efficiency of the 

photocat.alytic ozonaUnu rernoval of 1)R.G4 .. Yarious inorganic and orgn.11ic re<1ctive oxygen species (llOS) scayengers ,vere 

applied to investigate the 1nechauis1u of phot.ocntalytic ozonation. In acid it ion, a Uiree-layer pen:eptron neural nWiwork 

\Vas developed for modeling Lhe relat.i_Cl:J __ lshn) beh,reen t.ho opcr5t-i0ri7il parntnctcrs nnd decolorization e01ciency of the <lye. 

lligh R 2 values 'vere 1Jhtaine<l for both the training and test data. 

I<ey '\Vords: Zn()/l'vlf'vt'l' THlllOco1uposite1 Disperse lled 54, photocnt.alyl.ic ozoual;ion, art.Uicial neural network 

1. Introduction 

Synthetic dyes give good properties to dyed tnaterials and supply a \Viele range of different colors: and so they 

are 'videly used in diffcreut industries such as ·cos111etics, textiles. food, and leflther. i-4 Anioug the SyhthCtic 

dyes, azo dyes, \viU1 an azo group bouutl to the llTOIIHttic rings, arc 'of great in1port.a11cc. I-Io"1ever, azo dyes 

are considered a threat to the enviro111ncnt due to their pote11tial carcinoge1.1ic nature, nonbiodegradability, and 

toxicity. 5 Tlicrcf'orc. ns a conscq11cncc, different 1neLbods bas<'d on 1.lt<' generation of hydroxyl radicn.lR: which 

are kno\vll (IS nclvauced oxidation processes (AOPs), G have been developed for the degradatio11 of azo dyes in 

,vaste~'nter. rrhe .resnlt;s of research de1noustrate \;hat a1nong the J\O_Ps heterogeneous photocatalysis has a 

·great pot;cut.ia.l !Or degradation of orgauic pollutanl;s. i,7 - 14 Althongb .~1.:-.vide. vn1:ict.y .of. organic .. cmnpounds can 

be destroyed t.hrbngh the phot;ocatalysis process, n_1iueralizatio11 of the po'llntants is not cou1plete and fr1st in 

scnne cases. Hi 'l'he photocat.alysis process can be in1provccl by cou1hiuing 'vi th other chc1nical processes such 

as electrochen1ical l:reata.ueut, ultrasonic irrndintion, phot;o-I<'entou rP.action, ancl ozonation. 16•17 Ozone is a 

strong oxidizing agent (E 0 = 2.08 V) that can react 'vi th varions organic cou1pouucls via direct or indirect 
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\ ine~:hauis1ns.1 anq so it can be used "for .:\VHLer Lreat111e11t. During direct ozonationi O'.lOlle 111olccnles react \Vi th 

organic polhitau'Ls tltrongh a direct, s~lectivl~, and electrophilic attack. 15 In indirect ozou;1tio11, hydroxyl free 

radicals can be 'generate~l by the deconlpositio/1 ·0f Ohone inolecnles. 'l'he produced hyclrox:yl radicals react \vit.h 
I 

organic pollutants via a, fa.st aucl 11011seleci;ive nJact.iou. 1G I-Io\vever, the result::; of resenrch dernonstrate that 

t.he OZOilatiou process alone leads to i11Co111plete ;;1i11eralizn.tio11 of the organic C0lllpoundfi
1 

\Vhich so111etilllCS 

rc::;u]b; in the productio~1 at: toxic i11terrl1eclh1Lns. -iri,lfl 'J'i1ercfore 1 co1n1Ji11ation of photocat.al;ysis \Vit.h 0'.lOUation 

secn1::1 to be a \)ro111is·i·~;g n1ethod for the degradation and iuine~·alization of stable orgauic co1npon11ds. Duriug 

the photocata,l)rtic ozonation proces8, the decon1position of t:hc ()~one and co11sequently forrnation of hydroxyl 

raclicnJS·are cOntrollerl by the catn~)rst. H> ]\·Jore hydroxyl radicals n.r(~ generated \Vhcn Llic~ pliotocatnlysis and 

ozonatiori. processes are nsed siuniltaneo118ly, leadiug to a faster ttncl 1norc eon1pletc inincrali'.lation ccnnpared 

to photoc<ttalysis or ozonat.ion alone. 18 ' 10 l)nring this process, the photog'cncratcd elcctron1:> arc captured \Vith 

oz_~1e n1olecules fron1 the conduction hand to for1n ozoukl ion radicals,.\vhich consequently gives rise to l1ydroxyl 

radicals. 15120 1vloreover, this suppn~sses the rcco111hi11ation of the photogeneratcd clccLro11-hole pairs, \vhich 

l·t."Hult:; 'in i1nprovi11g Lhc dcgradt\tiou cfficicucy aucl c11l1a11ci11g the rct1cLion ra.tc. 20 \ 

'An1cing'the-V'ario1is i:;crnic6'hch1etor811:.;cd in photocatalysis, ZnO has attracted re1na.rknble nttention due to 

its advantages such as lnrge arcn.-to-volnn1c rc.ttio, large excit.ation binding energy (GO n1\T), ltigh \)hotr5seusitivity, 

\Viele band gap ('E 9 = 3.37 c\T), ~u1tl k)\V cost. 21 'l'he c/Ticicncy of heterogeneous photocn.Lnlysis is nit\ inly affected 

Uy the specific :;urfr1c:e '1rcn of the pliotocut.aly::;t. '.rherc arc t\vo HH.l.b1 effective \Vays t.o l11crc~1:;c tl1c sntfucc ~'-rea 

of th~ photocatn1yst: reduction in the pa.rtir:le t'.!ize of the photocn,talyst ancl iunuohilizatlou t1f the pliotocn.talyst 

on Lhe b'lll'face of a. stq>porl \Vit\i high :;pecilic ::,;11rl'acc nrea. 22 

In the present study, ZuO uanopart.ielc~ \Vere synthctiizccl ou t.he surface of n1011L111orillouite 1 rcsnlt.iug 

in Zn0/M11I'l' 11anoco1nposite. 1'he as-Hynth~:;i'.led ZuO/IvirVl'f nauoco1npositc v.rns characterized hy XR,D, 

SE:t\1I, 'rElvii F'l'-IR, N2 adsorption/dosorpiio11 nnalysis, and point of :tero charge pl-I (plipzc) analysis. 'l'he 

perforn1ance of the prepHred ZnO /1tfvl'l' 11nnocou1posite \Vas exanlined for the photocatalytic ozonn.tion re1noval 

of DR54 and con1parecl with aclsorptio111 photolysis, single ozonation, catalytic ozonnt.io11, and photolysis 

processes. 1·Ioreover, the effects of various operational paran1eters including iniLial dye concentration, catalyst 

concentrationi pl-I value, inlet ozone gas concentrnt.ion, type of irradiation source) and preHence of organic and 

inorganic radical scavengers we're invesLignted on I.he clecolotiza.tion efficiency of DR54 Llu:ough photocatalytic 

ozonation. In order to predict the photocaLnlytic ozonntion re1noval of DR-54 1 an n.rtiftcinl neurnl neL\vork n1odel 

(ANN) was developed. ·-

2. Results and discussion 
2.1. Charac~erization of the synthesized ZnO /MMT nanocomposite 

The n1orphology and size of raw l\111'1'1', ZuO Hauopa.rticles, and ZnO/tvIM'f na11ocon11)(>site ~'ere investigated 

using SE'tvl analysis and the re:;u\ts <Jrc sho\VLI iii li'igurc 1. A flaky texture cau be t:iecn in Figure l(a) for 

tvlM'l', reilect.ing t.he layered sl.r1lctnre or tvlfvl'l'. lu nrklil.ion, Lhe SEiM irnnge of as-synLhesb:ed Zn() nnnopnrLicles 

sho,vecl a fluky-shaped structure for Zn() nnnoparticles (see Figure l(b)). F'igure l(c) i:;ho,vs the presence of ZnO 

nanoparticles on the surface of1vll\1rri indicating the successful synthesis of Zn0/NI1vfr uanocon1posite. Nlanual 

11Iicrostructure Distance 1vleasnre1nent sofr.\vare (Nahan1in Pardazan Asia Co., Iran) \V/18 nt:ied to deter1nine 

the average \Vi<lt.h size of ZnO nanoparticlcs (Figure l(cl)). The obtained results reveal that both pure and 

rvIM'f-supportecl ZnO particles a.re nn.uosizcd \Vith the average \Vi<lt;li size of 30-45 rnn. 1"he 'r]~11I in1ag;e of 

ZnO /I'vl:t\1['1' na.nocon1posiie is shov.rn in Figure 2. 'L'he very cln.rk a.rca. in Lhe 'l'El\'1 i1nage indicates the flaky-
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shaped structure of the ZnO nanoparticles on the ZnO/l\'1~1IT 11a11ocon1posites. As can be _seen, the '\Viclth size 

of ZnO uanoparticles in the TEivI i1nage of ZnO/l\iJ:[vrr uanocornpositr is less than 50 11111. As inentioned before, 

the size distribution diagra1n of the ZnO/rvINIT nnnoco1nposite reveals that the '\viclth size of 1nost of the ZnO 

nanoparticles on the IvIIvIT is in the ranf?e of 30-45 ntn, '\vhich is proved '\vith the rfEIVI itnage. 

Ill ZuO n:mop::irticlcs 

50 _ Fl ZnO/l\E\IT u:mocomposile 
(d) 

Prirtlcle size cllstrlbution (111n) 

Figure 1. SEl\11 ilnagcs of (a) ra.'v MrvYr, (b) ZnO uauopart.iclcs, (c) ZnO/l\IUvlT nanoco1nposite, (d) particle size 

dist.ribution of ZnO nanoparticles in the ZnO/rvUv11' iuinoco1uposite. 

XRD patterns of the raw :rvrrvrr, ZnO nanopart.icles, and Zn0/1\!IIvI1' na11oco1np,osite ar~ sho~vn in Figure 
• ' ' •I"" , • ' ' ' ·f· 

3. rrhe peak centered at 2 o of 26.1 ° in the XRD pattern of 1iI:f\['l' corres.poncls to the interlayei: s]_)aCing·· of 

MMT. The XR.D patt;ern of Zn.O represents the peaks at 2 0 (scattering angle) of 31.3G70, 34.0270, 35.859G, 

17.1G35, 5G.2572, G2.5384, 67.6356, and GS.7978, corresponding to the reflection [rom 100, 002, !pl, 102, 110, 
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103, 200, and 112 cryst;al planes, respectively. 'fhe characteristic peaks of as-synt;J1esi~cd ZnO 11;;u1oparticles ure 

in good ag,Teeu1ent \vith those of the standarcl patterns of hexagonal \Vurtzite ZnO (.JCPl)S 30-1451). 2a '!''he 

.coexiste1i,ce;,0£ the charact~risti.c. peaks of both 1vll\ I'l' and Z110 in the XR.D pattern of ZnO /l\1[1\111., tl<\noco1nposite 

conflrnH" 1 ~ \1(• innnohili:;i;a.t.ion of ZnO nanoparLicles 011 the surface of lvHVI1'. 1'hc average crystallite size of ZnO 

\Vas found to be about 25 11111 in pure ZnO nncl Zn0/1vl}.'f'l' san1ples.0
• 

Figure 2. 'I'El\-f hnn.ge of ZnO/l\11\rirr nanocornposite. 

F'igure 4 represents the FT-IR spectra of }.{!VI'l\ ZnO uanoparticles, and Zn0/}.1l}.1I'r 11a.nocornposite. 

1'he F'l ... -IR spectru1n of lvHvI1~ is shown in Figure 4(a). The appearance of absorption hands at 3Ci22 and 3437 

cin -l is attributed to the 0-ll groups on }.fJ\1f'r .. 2·1 Indeed, there are adsorbed \Vater 1uolccules and OT-l groups 

on the, surfac~, of lvl:NIT platelet~. 25 In ndclition, the L\vo obvious dificrcnt abHorption br:tnds at 793 n.nd 1050 

c1n - 1 are a~tributed to the Al-0 and Si-0 st.retching vil>rations, respectively. 1'he syn1111etric a11d a . .':iy1111netric 

vibrations of C-II are observed at 2854 and 2928 cn1- 1 , respe?tively. rrhe Frf~IR. spectruin of Zll() nanoparticles 

(F'igure 4(b)) shows an absorption peak at 42!1 c1n - 1 , \Vhich h; assigned to Zn-0 stretchiug vibration. 26 The ' . . 
characteristic peaks of both IVlJvirr and Zn() cn11 be seen in the Zn0/I\1I\1rl' spectrtun (F'ig,11rc 4(c)), confirn1ing 

the successful synthesis of Zn0/}.1l}.1'11' nano<.;01nposite. 27 

'l'he specific stirface area of ra\v Zn0 1 f..iII\1'1', and ZnO/MM'J' nanocornposiLe was l'oun<l to b~ 38.22, 

279.28, and. 70.54 111 2 / g,·, re~pectively. l\1Iicropore surface aren \Vas eti.lculated ns l.D924 <Hid G.670.1 rn? /g for 

ZnO and ZnO/lvIM'l' nanocou1posite, respectively. In addition, rnesopore surface area was detcr1nined as 32.45, 
. ' r 

285.55, and 84.08 111 2 /g for Zno,·:rvrrvrr, a11d ZnO/l\iJ:Nrf iuu1rico1nposite usi11g tl1e B.JIJ inet'.liod, respectively. 

Compa.ring,thc specific surface area. of tbo ZnCJ/I\{iVrrr naJJycon1poi:die \vlth that of ZnO ua11oparticlci:i r~veul::> 
that the surface area of the synthesized con1ponite is greater than that Of ZnO, \vhich can retn1lt in.pron1otin~. the 

adsorption ability. ZnO/Ivl}.tJ'f uanoco1nposite h1:1s a srnaller s~trface area con1parecl to }.1J}.1J'l\ indicating co~lap.se. 

of the pores of IvI:r..1rl' and exfoliatiou of l1vfl\1J1' in the zn·o n.ui.t.rix as a result of the settle111e11t; of ZnO interlay~r. 

galleries of :rvnvr~r. 'l'he rcsnlts oft-Plot nn<l B.Jll analysis indicate that U1e pores of the ZnO iuu1op"<ut.icles·a1id 

ZnO/}.i[[VIT nanocon1posite are inninly in t!ie 1110.sopore .(2--50 inn) di1nensions range. 
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-zno~nn 

-ZnO 

-MM! 

" " " 29 (Degree) "'an~number(cm·1) 

Figure 3. Xn.O patterns for .ra'v MIVIT, ZnO nanoparti- Figure 4. F'l'-IR. spectra for the (a) ra\v f'.1IVIT 1 (b) ZnO 

des, and ZnO/rvl1'11' 1utuocon1posite. 1uu1oparticles, and (c) Zn0/NU\1T nanocomposite. 

A8 ccu1 Le seen in Figur~ 5, .6. pI-T value equals to zero in iniLial pl{ or 8.4 1 and so the pl-Ivzc of the prepared 

ZnO/J\IIIvIT nanocornposite \Vas found to be 8.4. In the solutioll \Vith pll lo\vcr than 8.4, the nanocomposite is 

positively charged and in pl-I higher than pI-I1izc the nanocornposite gets a negative charge. The molecule ofDR54 

is not positively or negatively charged, and it is a polar inolecule. 1~hereforJ,. :the synthesized nanoco1nposite 
I '' 

cannot have a stroug int'eraction with the 1nolecules of the dye in, alkali. ~1f4, ·acidic ';media. 'rherefor~, low 

adsorption of the dye on the nanocon1posite is expected, which is ii1 good aire:E\!11.ent \Vith the experiinental data 
i . 1~1. 1: 

represented in Figure G. './ , 1 I 
!' I 

2.2. Different processes for decolorizatio11 of DR54 

2.2.1. Adsorption ability of raw MMT, ZnO 11a11oparticles, and ZnO/MMT nanocornp~site 

Iu order to evaluate the dye adsorption, the capacities of the nt\v rvr:rvrr, ZnO uanoparticles, and ZnO/Mivrr 

nanoco1nposite \Vere con1pared. For this ahn, the conccntrntio11 of the adsorbent. \Va.<; 5 n1g/L and the con­

centration of the 1)11.54 \Vas 100 ing/L. As sho\vn in Figure G, Z110/1VI:rv11~ na11ocon1posite adsorbed n1ore dye 

compared to Zn() 11anopart.icles1 \Vhich enu be aLf.ribu(,cd [,o Lhc higher specific surface arey:'of the nanocom­

posite cornpared to nanoparti'clcs. Previous research8 •12 cle1nonstrnted that adsorption of dye ·on the surface of 

catalyst. is an i1nportant step in heterogeneous catalytic rcnct;ions; hence, in the present study, higher catalytic 

acLiviLy is expected f'or ZnO /l\llfVl'l' nanoco1nposite coin pared Lo ZnO nanoparl.icles because Or ft.s higher specific 

surface area aud adRorpl;ion capacity. 

It should be Hotcd that although ra'v lvI!vl'J' has a higher HpccHic surfttcc area (27D.28 111 2 /g) con1pared to 

ZnO/!vir..1I'r na11oco1uposit8 (70.54 111 2 /g), the adsorption ability of t;hc ZnO/lVLfvI'f nanocornposite to,var<l the 

DR54 is higher t;hau that; of the ra\v IvII\II'l'. It is kno\vn that the surface of the ZnO is covered by hydroxyl groups, 

\vhich can be dissociated or protonate<l depending on the pl-I value of the solution. 28 1'he pciint of zero charge 

(PZC) of Z110 nanopart;icles has been reported around 9.20, '..!D and so the surface of the ZnO nanopartiCles 

innnobilized on the snrface of IvI!vIT is positively charged in the ucntral pl-I, 29 us sho\Vll in Eq. (1). 
'·,'I ,. 

=Zn - OIIi <-t= Zn - OH + IJ+ (1) 

'l'he 111olccule of J)ll51l is polar and so the 111olecules of tliis dye have po\vcrful interactions 'vith t.he positively 

550 



Kl rArl'AEE et a.L/T'nrk .J Chmn 

charged ZnO nanoparticles i111n1obilized 011 rvJl\.J'f, \vhich resnlts in higher a<lsorptiou a.hilit.y of the Z110/rvr:rvrr 

rlai1oc01n11osit"8 .. CCnl1i>'ared to rii.\v :I\rf'I\1r.t. 

100 ~~-=,,=,.=,.="=,---------------~ 

'" 

30 

0 
lO 

-li:-~UIT 
-.1.-ZnO 
--zuo,,,HIT/l)\'.CIOJ 
-+-Ino.~1Mtro\·.aoJ 
-z .. o!.IUIT11!\• •• voJ 
....,..,...2.aO!.llMT1\l\'.C 
-;tt-bOA!\".C 
--u\·-c 
-!-ZllO>ll.lll'IOJ 
-ZnO.Ql 

-•> 
...,....li\'.C10J 
-+'-ZnO.\i\'.C:.03 

--· . .l.---·~--~·~-----:r. 

"'I~~~~--~-~~§~~-~--~-·~===-~~~-= ... §-=§~ oJ .. -
-l 

_, 
3 ' 10 1l o 10 20 30 " '" pllf Tlme(11Ll11) 

Figure 5. POint of zero charge. (pfl 1i~h) 1 of 0dQ/fvfivl'l' Figure 6. Dccolori7.al.ion or ])[{5,J nsing different. pro-
• '1 ·., <"·11;1' I .". 

iu1nocon1pos1te. 'Li !: 1 
•1r.,1.lji:; ;i, 1 ;,, .. ; · cesscs. 

' \. '•i! ,.,,.1,, ' 
I 1 ',, < l'I •' 
, I', "'I· ,/, 1

', 
2.2.2. Effect of UV source o).1. th;e1 c:J.e1Col<lrizatio11 of DR54 

" ·1.1 · ,. ';! . ' ·,r : l 

In order to evaluate the effcct'i;:bf:tdylfi'i1:d-i
1

ti'; ~dnrcc on decolorization efficiency, a UV-A (:31;-)-,100 rnn), UV-13 
:1:rrrt1f.l':· }1; . .-PA..i: ·i· : 1 11~· • 

(288-315 nm), or UV-C (200i-~~gmPJ.!:t·~~l,?1\)r:!r"'" used in the photocatalytic ozouation removal of DR54 (100 

n1g/L) in the presence of ZnO{~I~fr.·~~if~~~~t~~~>O::iite (5 n1g/L), 10 mg/L ozone, and 100 1ng/L DR.54. As shO\Vll 

in Figure G, t.hc order of dcco~tj,ri~atio~lJf_ffici'fl1cy is UV-C > lJV-B > UV-A. Since the photon energy of the 

UV-C irradiation is higher th~·:ri!:"~hat. J:f:tJVMi nud UV-B, a large nu1nber of electron-hole pairs are generated 
'.. . . • '~:F' 'h: l :: :1'. •;:.:: ·:i:;1!;; . . . . . . . • . 5 

under UV-C irrucl1ut1011, \Vl11ch' res-o.lts·.1u ,lngh rcuct1vc ruchcal ionnaL1on a.ucl lugb dccolor1zaL1on efhc1cucy. 1 
I •1• .;' '1) j;,1 I ._": 

' ' ' 1i ~i 1
'. ' 1

1 

i_ • ,, < \1··h \ 1. i 

2.2.3. Photolysis and photocatalYsis, .... : !' 

Photocatalytic <lecolorization. of I?R54 1 with the concentration of 100 1ng/L, in the prese11ce of 5 rng/L ZnO 

nanoparticles or Zn0/I\1I\1I'r tHtnocon1positc nuder UV-0 irradiation v.1as inVestigatecl (I•'igure G). Direct photol­

ysh:i re1noved only 12.91 % of tl1e dye after GO iniu of irradiation. It is known that hydroxyl radical is not produce.cl 

under UV-0 irradiation, 30 and so the follcnviug reaction (Eq. (2)) cau he considered fol· direct photolysis of 

DR5'1: 
DR54 + Ulf photons -+ Products (2) 

The photocatalytic decolorization of Dll:.54 \Vas lG.llo/cJ and 28.54% within the irradiatiou t.i1ne of GO rnin in the 

presence of ZnO and ZnO/JvLrvI'r iu.1.11oco1npositc 1 respectively. The resnlts i11dicate tbat ZriO/l\iil\!I1' 11anocon1-

po.<;ite has higher photocatalytic activity coin pared to ZnO nanoparticles 1 . \Vhich can be explained \Vith regard 

to their band gap value. l~ati111ah ct al. 22 slio\vcd that t.he band gap eI1ergy of the Z110/IvII\1I'f nanoco1nposite 

is slighUy higher thun that of ZnO 11anoparLicles, "\vliich \Vas attributed Lo Lhe particle confine111ent effect. In 

other "\Vore.ls, the 'particlC size of the ZnO in11nol.iilizcd on the l\/Il\111, wHs s1naller than that or ZnO nanoparticles, 

"\Vhich resulte<l ill increasing band gap e11Prgy. 111 t.he present stndy, Con1paring the pttrl;icle si:!:8 dist.rihntion of 
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ZnO particles in pure ZnO and ZuO/Jvil\!I'l' nanocon1positc sho\vs that inost of the Z1iO p~rticles are s111aller in 

ZuO/l\iIIVI'r nauoco1nposite co1npared to in pure ZnO {Figure l{cl)). ~rhus, it can be deduced that the higher 

band gap of th<~ ZnO/l\IIJ\IIT tH:1.nocon1posite co111parecl to ZnO suppresses the recon1bination of photogenerated 

elcctro11 hole pairs an<l suUsequenLly increases decolorization ellicienc..:y. 

2.2.4. Catalytic ozonation 

The catnlyt.ic ozouation re1110Val of D~54 in the presence of ZnO nauoparticles and ZnO/Mivl'r nanocomposite 

\Vas con1pare<l, and the results 'vere co1npared with ozonation <lecolorization of the dye alone. The concentration 

of the ozone in the inlet ·gas \Vas 10 rng/L, and 5 1ng/L catalyst 'vas used to decolorizc 100 ing/L DR54 at pl-I of 

(i.G. As flhO\Vll in Fig11rc G, 07.onal;ion alone rc::n1ltcd in G5.D8% d~colorization cfficiC'ncy after GO tnin ,of reaction 

Li1ne. Q:;r,one rericLionfl in \vater can be classified as direct. and iudirecL reacLions. 15 In direct reacti~us, ozone 

rnolecule selectively reacts 'vitli any other ty'pe of chernical species such as pollutant 1nolecules or free n:i..dicals. 

In indirect reactions, hydroxyl radicals are produced fro111 the deco1nposition of ozone or fro1u other direct 

ozone reactions. 31 In acidic or neutral conditions the direct reactions of ozone are of great in1portance. 15 Ozone 

directly attacks the high electron density centers, because it acts as an electrophile species. 32 The aromatic 

rings and N=N double bond of DR54 are considered active centers for _the electrophilic attack of the ozone 

n1olecules, clue to their high density of electrons. Regarding the plI of the solution in this study, the observed 

decolorization of Dil54 (?5.98% 'vithiu GO n1in of reaction) via ozonation alone cau Le attributed to the direct 

attack of the ozone inolecules to the arornatic riugs and N=N double bond of DR54. 

1'he presence of heterogeneous catalyst enhances the dccou1position of ozone and consequently increases 

the generation of the hydroxyl radicals, 'vhich results in an iucrC'nse in the clegraclat;ion of organic pollutants. 33 

rrhree possible 1nechanis1ns can be considered for heterogeneo11s cntalyzed ozonatiou reaction's: a) adsorption 

of the ozone 011 the surface of the catalyst leading to the generation of active radical species that then react 

'vith pollutants in the-) aqu_eous phase, b) adsorption of the pollutant: 111olecules ou the surface of the catalyst 

followed by the retie ti on 'vi th dissolved 1nolecular ozone, and c) ndsorpt.ion of both pollutant and ozone on the 

surface of catalyst followed by the reaction in t;he adsorbed phase by direct; or indirect pathway. As shown 

in Figure 6. I.lie cat.alyt.ic o:;r,onaLion decolorizaLion ellicirncy is GD.803. (~l\rl 7D.G7% in Lhe presence ~f ZnO 

nanoparticles and Z110/N[~1IT ua11ocon1posite 'vithin GO 1nin of renction ti1ne, respectively. The dye adsorption 

ability of Lhe cnta.lysLs (Figure G) and the resulting decolorizaLion efficiencies reveal that the decolorization of 

the dye increases ns Lhe adsorption of the dye on Lhe surface of Lhe catalysts increases. 1'his confir111s that the 

catalytic ozonat;ion clrcolorizaJ.ion of DR.54 proceeds via second or third type of the afore111entioned n1ecbanis1n 

iu 'vhich the adsorbed 1nolecules of the dye react \vit;h the dissolved inolccular ozone or both the dye and ozone 

adsorbed on the surface of the catalyst and the reaction occurs in the adsorbed phase, respectively. Ivioreover, 

as aforc1uentioned, the ZnO /J\{[\1I'r nanocon1posite at the pl-I of G.6 iH positively charged, and so the electrophile 

1nolecules of t;he ozoue do not have po,verful iuteractious 'vith ZnO/I\lrvI'I' uanoparticles. The polar 1nolecules 

of the dye can be adl::iorbed on Lhe nanopo.rticles, conflnning tbat the second type of 1nechanls111 n1ay be inore 

probable for the ca.talyt.ic ozonat;ion of DR54 in the presence of ZnO /J\ill\111' 11anoco1nposite. 

2.2.5. Photocatalytic ozonation 

rrhe photocatH.iytic OZOIH1..t.iou of 100 n1g/J ... DR5t! \Vf.lS iuvcstigated nsing 5 n1g/L ZnO (ZnO/UV-C/Oa) unnopar­

ticles aml ZnO/Ml'v!T uauocomposite (ZnO/MMT/UV-C/O:i), and the results were compared wiU1 photo-
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ozonation (UV-C/0 3 ) of the dye (Figure G). ~rlic TJV radiatiou vvith \vavelength helo\V ~~20 11111 c;-tll he nbsorbed 

by:Ozon~';n~Olecules, ,resulting' in: the cleg'i:aclntion of ozone and suli::;cqnently the prodttct:ion of at.01nic oxygen 

(Eq. (:.J)). 34 According to Eq. ( ,1), the ato111ic oxygen reacts with \Yater and produces bydrugc-Hl peroxide, \vhich 

for1ns new reactive species via suhseqneut reactions (Eq::;. (f>) and (G)) and euhances the dcgr~1clntion of orgauic 

pollutants. 34 

Oa + '"' ( (320 '/Iii//.) -) 0 (1 D) +o, (3) 

0 (' D) + T12 0 -> H,O, (4) 

H2 0 2 -1- lw -> 2• 0 II (5) 

O(' D) + II,O _,.OJI +• OII (G) 

It should be noted that 1nore hydroxyl radicals can he produced iu photo-ozonat.ion conipn.red \Vith ozonation 

alone or phot~lysis alone via Eq. (:J), resulting in higher dccolorizntion of the dye clnring tile photo-0;1,onatio11 

process co1nparecl to photolysis (see Figure Ci). 

As sho,vn in Fig1n·c: G, ZnO/i'vf?vYl' nanocornposiLe 0xhil~itccl the highest dccolori:t.aLion cll1cicncy (88.75 1.Yo 

after 60 iniu) via. photocatnlytic ozonntio11 deco\orizntion. IV1ore hydroxyl radicals are gcneratl~d \vhen photo­

catalysis and ozonation tre11tn1eut are sin111\taJ1(~011sly carried out, \vhich can be attributed to their synergistic 

effect. 12 •15•17 'l'hn synergistic efJ'ect between p!iotocn!.nlysis and ozonn-Lion can be explained considering Lhe fol­

lowing- n1echanis1n. Under UV irradiatio11, ahsorption of the photons \Vi th higher energy of ZnO llitllOptu'ticles 

band gap leads tu electrons and holes prodnctiou ns Hhowu ill Eq. (7): 

(7) 

Ozone 111olecules can trap the pbotogenerated electrous fro1n the conduction band of ZnO (Eq. (8)), \vhich leach; 

to the for1.&ution of ozonide radicals (o;-): 17 ~l'his reaction with a very high rate of constant (3.G x .10 10 . :rv1- 1 

s-1) is considered a fa.st re11ction: 35 

(8) 

The ozonide radicals produced rapidly react 'vith lf+ catious existing iu the solution l;o fiJr111 I-103 rttdicn.Js, .. · 

\vhich consequently leads to the for1nation of OlI• via ~qs. (D) a11cl (10): 35 

o;- +Jr+ _, uo; (D) 

If03--t02 +OH" (Hl) 

Furthor1nore, the photogenerated electrons C<Ul be trapped by dissolved oxygen via Eq. ('J ! ), leading to the 

production of superoxicle anion (o;-) nncl subseqnently to the for1nation of hydroxyl radicals thro11gh Eqs. 

(12)-(lU), which can in1prove the degradation of pollutant: 12 

o, + e -) o;- (11) 

o;- + u+ ;-; uo; (12) 
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(13) 

.2H02 --+ H,O, + 02 (14) 

H,O, + o;- --+ OJI" + Oir + 0 2 (15) 

JI,02 + e --+ OJI" +OJI- (16) 

'rhe results discussed in the previous sections indicated that ZnO/NilVrr iuu1oco1nposite exhibited higher activity 

co111pare<l to ra\v lVI?vlT and ZnO nauoparticles. As can he seen in Figure 6, the decolorization of·DR54 was 

7.79% for adsorption and 12.91% for direct photolysis after GO 1nin, indicating that adsorption' and photolysis do 

11ot have signiiicnnt coutril>utions to dccolorizatiou of the dye. 1'hc presence or the ZnO/lVftvl'r nauocomposite 

u1Hler UV-C irradiation increases the <lecolorization efficiency Lo 28.54% a.rter GO 111i11 due to, the formation 

of photogenerated electron-hole pairs by inunobilize<l ZnO and subsequently production of hydroxyl radicals 

through photocatnlytic oxidation. The decolorization efficiency of t;he dye is 65.98% after 60 n1in of reaction using 

ozonation alone, \Vhich is significantly higher than that of photocatalytic oxidation. It should be noted that the 

presence of UV-C and Z110/11INirr nanoco1i1posite in the ozonation process slightly iucreases 
1

the decolorization 

ef-Iiciency, suggest.ing that in this study 1)R54 \va.s 1nai11ly decolorized via ozonation. 

2.3. Effect of operational para1:neters on the 11hotocatalytic..: ozonation process 

2.3.1. Effect of solution pH 

1'he surface properUes and the ozone cleco111position rea.ctions can be affect.eel by the pfl of the solution, and 

so Lhe effect. of solution ptl was investigated on Lhe <lecolorization efflciency of l.he dye. 'l'he pl-1 of dye solution 

\vithout any adjust111P11t \vas 111easured to be G.6. As can be seen in Figure 7, increasing the pl-I from 3 to G.6 

iucreases the decolorizn.Lion efficiency un<l then the decolorization efficiency decreases in alkali inedia. 'l'he lo"' 

dccolorizaLion cf-Ilcicncy of 1;hc solution in plI of:~ and G {acidic soluU011) cnn Le attributed to the presence of 

sulfate anions, which are kuown as radical scavengers. On the other hand, it should be noted that the superoxicle 

anion radicals, \vhich are generated via Eq. (1'1) and the presence of \vhich is confir111ed \Vi th radical scavengers, 

participate in decolorizat;ion of the dye. According to the equilibritnu constant of th.e n1ention,ed reaction (pl( 

= 4.8), 12 the a111011ut of radicals 'vonl<l be reduced in the acidic 111edin, resulting in a decrease in decolorization 

efficiency. 11Jorcover, l;hc lo\v decolorization efflciency of tbe dye in d1e solut.ion with lower or big.her plI value 

than 6.6 can be ascribed to the lo\v adsorption of the dye 011 the catalyst in these pl-I degrees (see Figure 8), 

conf'lnning that a.dsorption of pollutant is a critical step in plioLocci.Lalytic ozo11atio11. 

2.3.2. Effect. of various ROS scavengers 

111 order to dcterrniue the photocatnlytic ozonation 111cchn11is1n, t-.lie decolorization process of the dye \Vas 

· investigated in the presence of inorgauic radical scavengers (Figure U(a)) including sulfat.e (SO~-), chloride 

(CI-), fluoride (F-), bicarbonate (HC03), and t!ihydrogen phosphate (H2P04) anions, and organic radical 
' . • . '·1 ,, ,, ' ' •• ,. ( , ·"·~··. 

(Figure 9(b)) scavengers including chloroforn1, t-butanol, and benzoquinone. · 1\s sho\vn in Figtire D(ci), the 

dcculori:tntiun cJI-icicncy of the dye dccrcn.scs fro1n 88.75% to 74.20% i11 the presence of fluoride anions after GO 

111in of reaction tilne. 'I'he observed decrease in the decolorization efficiency of dye in the presence of fluoride 
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ions can be a.tLl'ibuLecl Lo Lhe strong adsorption abili!.y or Lhe nuoride ions on Lhe surface or the Zn{)/1·J1vl'l' 

nanoconiposite. 12•36 'l'hus, the surface of ZnC)/1.if1,('J.' nn.nocornposite is don1innted by fluoride ions in Lhc 

presence of these ions, 'vhich lin1its the develop111e11t of synergistic reactions (Eqs. (8) to ( J (i)) and subsequently 

decreBses hydroxyl radical generation. 'rliis indiC;ates that adsorption of the dye and ozoue 111olecules 011 the 

surface of the ZnO/IvUvirr IH.l11oco1nposite is nn i1nporta11t step in phOtocatalytic ozonatiou re111oval of the dye, 

and a.h;o confinns that photoca.Ln.lytic ozonat.ion folhnvs the second and/or third Lypc ol' 1nechanis111 i11 \vhich 

the adsorption of the dye and ozone 1nolecnles is n crucin.l step for the decolorizn.t.ion of the pollntaut. 

100 
--{111=-6.6 

~ ....-JlH=S 
$ 80 
>. ....... pH =3 

5 -.i.-11ll=9 

~ 60 
• c • 
"' ~ " = 
"§ 
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Figure 7. EUCct of inil.ial pll value 011 the pliolocnt.aly1.ic 

ozonation of Dil54. Experi1nental conditions: lDCT5,Jj 0 = 

100 mg/L, [ZnO/MMTJ = 5 mg/L, and [0 3 ] 0 = 10 mg/L. 
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Figure 8. Adsorption ability of 'ZnO/ l'vltvrr 11anoco1npos­

it.e in the di!fere11L pH. Experin1entnl conditions: [J)fl54]u 

= 100 mg/L [ZnO/MMT] = 5 mg/L nnd [0 3 ]0 = 10 mg/L. 

The reduetio11 in the decolori~tttion el!iciency ol" the dye in the prei;ence ol" chloride ionti can be attributed 

to the scavenging ability of chloride ions (Eqs. (17) to (rn)): 37 

cz- + OH" -+ IJOCI"- (17) 

HOCl"- + JJ+ -+ cz· + H20 (18) 

100 ~------------------~ 
...-Without sc.;;a\•l!llt:er 

-NaiSO~ 

(a) 100 ~---~----~----------~ 

.....-N3CI 

_,,_NaHCOi 
--N3H2P04 

io 20 JO " ' 60 

l 80 

j' 60 

§ 

t ,, 
= 20 

~ 

--WUhout ocww;...-

" 20 30 

Time (min) Time (mlu) 

~) 

50 60 

Figure 9. EITccL of l.hc (a) inorganic H.OS scavcnpprR and (h) organic H.QS RcavcngcrR on I.he phot,ocal.a.lyt.ic ozonat.ion 

ren1oval ofDR54. ·Experilnental condition;;: [DH.5,1] 0 = 100 n1g/L, [Zn0/l\r11'11'] = 5 n1g/L, inlet ozone gas'cohceutration 

= 10 1ng/L, [Radical scavenger] = 100 n1g/L, and pH= ·fi.6. 
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cz· + cz· --+ c1, (19) 

J)ihydrogPn phosphate anions react with hydroxyl radical according to Eq. (20) 1 leading to inorganic radicals 

\Vith Jo,ver reactivity, and so pro<luced radicals do not participate in the decolorization of the dye. 38 

I-I2P04 + ou· --+ II PO,j- + IJ,O (20) 

'l'he decrease in decolorization efficiency in the presence of bicarbonate ions can be attribut.ed to the hydroxyl 

radical decrease1 \vhich occurs according to J~q. ('2): 8 

HCO,j + OH 0 --+ co;- + H,O (21) 

Iu addition, sulfate ions ca1.1 scavenge the produced hydroxyl radicals via Eq. {22)i leading to a decrease in the 

clecolol'i~a.tio11 ernciency of the dye: 8 

(22) 

In addiUon to the inorganic hydroxyl radical scavengers~ the effects of some organic radicn.l scavengers were 

investigated on the photocatalytic ozonation rcrnoval of DR54. Ainong the organic radical ·scavengers, t-
' . 

bntanol is kno,vn as a very cornmonly used hydroxyl radical scavenger iu ozouation systerns, 39 ' ~vith reaction 

rate constants of 3 x 10-3 :rv1- 1 s-1 'vith ozone and G x 108 l\ir- 1 s-1 'vith hydroxyl radicals, indicating 

that the reaction of tlie scaveIJger with ozone rnolecule can be neglected co1npared t.6 its reaction with hydroxyl 

radicals. As can be sePn in l•'igurc 9{b), \;he presence of t-butnnol decreases !;he decolorizaUon efficiency of DR.54 

fro1n 88.75% to 80.72% after 60 n1i11 of rcact;ion tiluc. 'l'hc decrease in dccolorizrition efficiency that occurs in 

the prcsc1H..:c of i11orgt111ic scavcugcrs ancl t-Uutanol confinns the role of hydl'oxyl radiculs in the clccolorizatiou 

of the <lye during the photocata.lytic ozonation process. 
·, '1 

13cnzoquiuonc, \Vltich is an excellent superoxide anion scavenger, 40 'vas added to the solution, to investigate 

the effect of supcroxide anion on decolorization of the c\yc. As indicated in Figure 9{b): the decolorization 

eiTiciency decreases front 88.75% to 7:3.75% in the presence of beuzoquinone.nfter 60 111in ·or rea~tion time, 

co11rirn1i11g tha.L the superoxicle a.11io11 radicals generatt'd c1ccordi11g Lo Eq. (11) exist in the solution and 

participa.te in the ck·colorization of the dye. 'rhe observed reduction in Lhc decoloriza.tion efficiency fron1 88.75% 

to 84.23% after 60 tnin of reaction in the presence of chlorofonn, as another superoxicle anion radical scavenger, 

furl.her confirms LhaL s11peroxide auion radicals (produced via l~q. {I I)) participate in the decolorization of 

DR.54 during the pliotocutalytic ozonation process. 

2.3.3. Effect of initial DR5l.1 concentration 

'rhc i11flucncc of the iuit.ial dye conccntrntio11. on dccolorizntio11 ellicic11cy 'vas investigated in the photocatnlytic 

ozonation process via changing the initial concentration of the dye in t;he range of 40-140 n1g/L. As sho,vn in 

Figure 10: the decoloriz;at.ion efficiency decreases as the iuH.ial conccntral.ion of the dye increases. It should be 

uoted that the concentration of the 1nolecular ozone and produced hydroxyl radicals and other reactive oxygen 

species, 'vhich arc re::::ponsible for the decolorization of the dye, are i<lcul.ical. 1~1~us1 it is r·easonable that'·~i;o~1gh 
oxidizing age11t. 'voukl not be available for the-decolorization of t;he high cou~cntration of the. dye, resulting in 

the decrease in decolorization efficiency. ·ll Ir~ addit.iou, at. high conceutrat.iou of DR54, rnost of the UV-C light 
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is absorbed by the dye inolccnles instead of ZuO 11a11oparticles innnohilized 011the1vII\,rr, resulti11g in a decrense 

in production of photogeneratcd electron-liole 1><1irs and consequently rcs'nlting in a decrense in !:he forn1ation 

·Of'O.xi'dizi~ug·agc1~ts, v.1hiC1l IchclS'to {t~l~cr~nsc iu decolurizatio11 cfiicicnc.:y. 

2.3.4. Effect of the ZnO /l\!IMT nanoc.:on1posite conceutration 

The efi'ect of catalyst concentration on the clecolorization of DR.54 \Vas investiga.ted over the range of 1 111g/L 

to 20 ing/L Z110/IvII\1I1~ nanoco111posite nuder 1JV-C irradiation. The results sho\vn in Fignre 11 den1onstrate 

that an increase in catalyst concentration i111proves the decolorization of l;he dye via pliotoca.Lalytic ozonation, 

which is in good agreernent-. \Vi th U1e resnltn of ut.11cr research. 29 Indeed, the heterogoneo11s catalytic. surface is 

enhanced as the an1ount of catalyst iucreases, lencliug Lo inore hydroxyl raclica.ls gent~rated via Eqs. (8) to (Jn), 
\Vhich ilnproves the c\ecoloriza!.ion efficiency or l)H5t1. 

100 

10 20 30 
Tlmc(mlu) 
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'"- -801ui;.'L 

--10001~.1. 

60 

figure 10. Effect of initial DR54 concent.rn.t.ion on \.he 

~hotocatalytic ozonation of DR.54. Experi111untal coudi­

~ion8' [Zn\)/MMT] = 5 rng/L, [Oo]o 'C 10 mg/L, and pll 
~ 6.6. 

2.3.5. Effect ~f inlet. ozone g·as co1~cent:1·at.ion 
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Figure 11. Effect. of the Zn0/111f'l' nanoco1nposite con­

centration on the photocatalytic ozonation of Dll54.· Ex­

perirnental conditions: [I)n.5<1] 0 = lOO n1g/L1 [Oa]o = 10 

ing/L, and pil = 6.6. 

'l'he effect of ozone concent.ration in the inlet gns on th~ decolorization efficiency of Dll54 \Vas investigated by. 

varying the ozone concenttation froin 5 tpg/L to 35 1ng/L. AS Cflll. he seen in ·Figure 12, incroaSing the oz?He ·. 

concentration .r~iisrn; tl1c· (Iograclution effic.:i~ucy. indicating that the _reaction is linlitcd IJy the UHlS8-tr;;;i.nSf<.lr 

phenorneno~ in· the inVestig"ate<..l o~one ·conceut1:ation range:. 41 •42 ·'indeed, .inCreasing the ozone co.nce11tratio1i. 

in1proves t'he n1ass transfer of' ozone~ 1:ei;u\l;i11g in an i1;1proven!~~·1t o~· deco!orization efficiency. 111 Other worcfS., · · 

these results indi¢8-te thht the clecolorizatio1~ of th~ dye depencfu On the .concentration of o>o;oue .in ·the iulCt gHs, 

\vhich ti..frects the atnonnt .of dissolved ozOne aud consequently cirfccts the amount of rr1:dical hyclrox}rls p~·Od.1~ct~Cl.. 
; . . ... . . . ' .. 

·.:' 

2.3.6. The ~eusability ·Of the. ZnO /MMT itanoconip9site · · .. ' ' 
I . • ' 

The reusability of catalysts is of great i111portnuce froi1,~rii~ ec'ono1niC point of vie\V. In order to investigate· ... tl~e · .. 
rensability of ZnO/IvII\11~ 1H.t~1oco1nposite, the C<\.talyst \\:...~;.l;C~~vered Ly Centrifugatioll fro1~1 t.11e·~·caci;i~n n~iXt1~.~~·\:·:.: ' ..... 

; ,vU:Shed witlr clis~i'necl \vnter, and r.eused for the decolori>o;ati?n .offresh_clye solution \vith iuitinl concC:!nL~·fi;t.ion of'_.·· '• \ 
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100 n1g/L for 5 sets of experirnents in the presence of 10 u1g/L ozone. 1\ negligible decrease iu decolorization 

cfI-iciency "\Vas observed, confinniug the good chctnical ntability of the catalyst. The <lccolorizati.011 cilicicucy 

decreased only 0.75% after being used 5 ti1nes. 'rhereforei Zu0/1vl1v1T nanoco111posite, \Vith high reusability 

potential, can be cousi<lered a prornising catalyst for the degradation of organic pollutants. 
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~igure 12. Effect. of inlet. ozone gas concentration on the phoJ;ocatnlyt.ic ozonatioli of DR54. Experime):ltal conditions: 

[DRM]o = 100 rng/L, [ZnO/MMT] = 5 mg/L, and pH= 6.6. 

2.4. ANN modeling 

In order to d<'Lcnninc• t:hc best 1\NN 1nodcl1 several topologies \vith different inuT1bcrs of neurons in the hiclcl011 

layer \Vere investigated. For this ailn, the rnoclel training started \Vith one nenron in the hidden layer and then 

the nu111bcr of neurons \Vns increased. As can lie seen in Fignre l:J, the rnean squnre error (TvlSE) value is high for 

uet,\vorks \Vi th a fe\V neurons in the hidden layer, indicating t.hn,t. these nct.,vorks canuot inodel the relationship 

bct\veen Lhe operational para1neters (inputs) and dccolorizal.iou efficiency (output). Figure 13 shows that' at 

first the iVISE vnluc decreases significantly as Lhe 1111111ber of neurons .in the hidden layer increases: but beyond 

a cert.ain nun1ber of neurons the .rvISE decrease approaches zero~ II; should be noted that to avoid overfitting of 

the 111odcl to the Lrc_1i11ing data, the 1.nnnLcr of neurons \vith :;ullicieutly lo\v ilvlSE value should be selected for 

tlrc hidden layer. 1'hcrefore, the hidden layer \vith 10 neurons \Vas Relectccl as the optiinurn one. 

0.006 ~------------------~ 

0.005 

0.00.$ -

"' "' 
0.003 . 

"' 
0.002 -

0.001 -

' 10 ll 12 13 

Number of neurons nt hidden Jnyer 

Figure 13. TdSE value versus lltnnber of neurous in the 

hidden layer. 
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The predicted decolorization efficiency of l)ll54 using the obtained n1odel versus expcrin1enLal values is 

shown in. Figure.14 for ,bot1l.1 training a.11d Lc~st du ta. TTigh R 2 values (0.0065 for training dttta and 0.0950 for test; 
,,, ... ,,._, . " ..... ', ' 

data) and a good dbtribution of the data around Lhe y = x line co11fin11 Lhat the lleural 11et\vork \vi th selected 

topology can successfully inodel the relat.icniship hct,veen inputs and output. Jt sho11\cl be noted that a high R 2 

value for tes~ <la.ta is of great irnport.ance, hcc1u1:::H~ it i"lldicat.es that tli'e neural net\vork can Hnccessfully predict 

the dccolorizaLion efficiency for operatiounl conditions· that hnvc not been used for training t.hc 111odel. 

3. Materials and 1nethods 

3.1. Che1nicals 

All chcrnicals used in our flt:ndy '"ere of a.ni.\lyt.ical grade and nsed \vii.hont f11rt.l1cr pnrific-ation. Z11Cl2 \vns 

purchased fro1n lvlerck Co,, Genna~1y. Na.28().1, NnCl 1 NaF, NaJIC03, Nal12P0,1, chloroforn1, t-bntn11ol, bcn­

zoqniuoue, cet.yltri1nethyla11in1onin1n bro1nide (CrJ'AB), and 1nont1noiillonite 1(10 (1vII\.Ir1') \Vith cat.ion exchange 

capacity (CEC) of 120 rncq/100 g and chemical composition (wt.%) of Si02 (GG.9), Al2 Oa (13.8), Fe2 Oa 

(2.75), MgO (1.58), CaO (11.29), Na20 (1.15), and K20 (1.G5) were purchased from Signrn-Aldrich Co., USA. 

'fhe dye, DR 54, \Vas purchased ti·o1n Shiini ·ooyaklisa.z Co., Jrnn. Chnracterist.ics of Dll5tl are slio"\Vll in the 

Table. 

Table. Clutrncterist.ics of Disperse Red 5:1. 

Color CIH'1nical structure rv[olecular for1nnla. Au1o~r Class :rvr w 

iudex na111e (nm) (g/rnol) 

N 
\\ 

C.I. 
\ <-o- Cl 

Disper~e Nf\N" ~· ,p CrnH18 ClN,O,, 4()0 1'vI011oazo 415.Sa 
) ·- N~~ /--NI, 

Reel M ' I/ 'O 
o"'°\ 

0 , 
H,c 

3.2. Synthesis of ZnO nnnoparticles and ZnO /Ml\IIT nanocorr1posite 

ru' a ty1;ical Inetho<l for preparing the Z110/rvII\111, 11anoco1nposite, l g of l'vf~·/IT \VC"lS \Vell dispersed in 100 

n1L of distilled \vater hy stirring inagneticnJly for 24 h with 500 rpn1 stirring speed. 1,!ieu an ap1Jropriate 

a1nount. of CTAB \vith the coI1centrntion of 1 CfjC of pure lvLNIT \Vas ad<led drop,vise to Llie 11Hvl'r suspension. 

Sin1ultaneously, 1 g of iinc chloride \VHS dissolved in 20 111L of distilled \Vater, and the pI-1 of the solution \Vas 

adjusted to 12.5 by adding sodhun hydroxide Holntion \Vith a concentration of 1 i11ol/L. 111 the 11ext step, the 

solution was added to the prepared c1~AB/ivI1rr SUHpension and the inixtnre .obtained \V<lS stirred for G h. 1'bc 

synthesized sarnpl~ \Vas centrifuged a11<l "'ashed \Vitb distilled \vater to re1nove residual i1npurities, and then it 

was dried at 90 ° C for 3 h. 
In order to ::.yuthesizc ZnO nanoparticlcs, 1 g; of zinc chloride \Vas dissolved in 20 inL n~: ~listilled water. 

The sodiu1n hydroxide solution with the conceut.ration of 1 inol/L was added clrornvise to the solution to obtain 

an alkaline. rnediun1 (pl-I = 12.50), 1~he obtained solution \Vas stirred rnagnetically for 6 h. Finally the prepared 

sa1nple \Vas centrifuged and "\Vashed \VitJ1 distilled "\Vnter to rernove in1pnritics, a1H.l then it \Vas dried t1t 90 ° C 

for 3 h. 
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3.3. Characterization inethods 

X-ray diifracLion (XH D) s!.udies \Vere carried ouL {,o deLer1nine Lh0 crysta.l nLruct.nre of ra\v rvltvl'r, ZnO nanopa.rLi­

cles, and ZnO /1\111\111' nnnoco1nposite ufiiug a PANalytical X'Pl"rt PH.O <liffracl;o1neter (Gern1an:y). The radiation 

source \Vas Cu-l(a \vith \Vavenu111ber of 0.15406 nni. 'fhe applied current \Vas 40 inA and the volt8.ge was 45 

kV. The average size of the ZnO crJstallites in pure ZnO and ZuO/rvINIT sa1nples was cal~ula~e<l using the 

Debye-S?herrer for;nutla. 43 1,he rnorphology and size of the ra'v Ivil\'IT, ZnO nanoparticles, and ZnO/IvlI\1rr 

nanoco1nposite \Vere c.leter1uined via scanning electron 111icroscopc {SEivI) using a Niira3 FEG - SENI 1,escau 

(Czech) i11str111nent. The che111ical co1nposition of the synthesized ZnO/IvI:rvrr nanocon1posite was analyzed by 

:~viira3 FEG-SE:tvl rrescan (Czech). rfhe tra11s1nissio11 electron 111icroscope (TEM) i111age ..,va.S recorded using 

Cs-corrected high-resolution TJ~IvI (Zeiss-ENilOC, Gern1any) opPrated at 100 k\T. For this analysis, the synthe­

sized ZnO/:tvilVIT san1ple was dispersed in ethanol using ultrasonic vibration (Sonorex Baudelin Digi Tee, UI<) 

for 15 n1in, and then a drop of dispersed san1ple \Vas placed on a copper grid coated \vith a layer Of amorphous 

carbo,n ~.o record the 1'ErvI iinages. The Fourier transfor1ned infrared (F1,-IR) spectra of the NIMT, ZnO, and 

Zn0/MNJ1"' san1ples iu the \vavenun1ber range of 4000-400 c111- 1 \Vere recorded on a Tensor 27, Brul~er (Ger­

n1any) F'l'-IR spectro1neter using l(Br pellets. N 2 adsorption/desorption isothenns at 7~ I( on a Gemini 2385 

nitrogen adsorption apparatus {Niicron1eritics Instruments, USA) \Vere applied to analy~e the poi-e structure of 

the ra.\v 1Vfl'vf'r1 ZnO, and Z110/IvlM_T sa.rnples. In this study1 totttl specific surface area (SBET) \Vas deterruined 

using the Brunauer-I~1111nett-Teller {BET) equation. 44 The znicropore surface area { S1nic) \Vas calculated using 

t-Plot theory. 45 In addit:ion, 1nesopore surface area ( S1nc.~) \Vas deterrnined using the Barrett-Joyuer-I-Ialenda 

(BJH) method. 46 

'l,he IJoint of zero charge pl-I (pI-I 1,zc) of the as-syuthesized Z110/l\1Il\1I1' nanocornposite \Va~ 'cleterruined 

using the salt. addition n1ethod. 47 For this purpose, a series of soclinrn chloride solutions \vith the concentration 

o[ 0.01 n1ol/L \VflS prepared with diIIerent pl-I ranging fron1 :3 t9 10. For adjusting the initial pl-I of the solution, 1 

ruol/L NaOI-1 au<l I-1 2 804 solutions \Vere used. In the next step) 0.2 g of ZnO/IvUVI1, nauocornposite \Vas added 

to each salt solution an<l then the obtained suspension \Vas shn.kcn for 48 h nt a.1nbient te111pe~·ature. 'l'he final 

plI was incnsured and the changes in the solution pJ-1 values (.D.J-J) \Vere plotted versus initial pl-I. The ipitial pl-I 

value in \Vhich the LlplI \vus equal to zero demonstrated Lhe pl[pzc of ZnO/rvII\111' nanocon1posite. In other 

words, pII pzc eqtutls tlie initial pl-I in \vhich the Zu0/Ivf1·IT nn11oco1nposite does not change the solution pl-I. 

. 3.4. Decolorization setup and procedure 

. Experitnents \vere carried out in a cylinclrical glass photo-reactor \Vith total capacity of 900 tnL. A sche1natic 

vie'v of the reactor is sho,vn in Figure 15. In order to investigate the aclsorpti~n of DR5t! ou the i1Hv I\tll\·11', 

ZnO, and ·ZnO /I\tIIvI1' sarnpJes, 500 rnL of suspension coutainiug 100 1ng/L DR.54 and 5 111g/L sarnple W?-S added 

to the reactor. The sn.1nples \Vere 1naintained in 'the suspension forn1 by inagnetic stirring. At thue intervals of 

2.5 1nin, about 5 111L of the suspension \Vfl.S sa1npled fro1n the reactor, and the suspended particles \Vere re1noved 

by centrifugation. 'l'hen the residual concentration of DR.54 in the reactor \Vas cleter1nined using a UV-Vis 

spectrophot.01neter ('\farian Cary 100 UV-Vis Spectrophoto1netPr, Australia) at the ma..-::ilnu1n \vavelength of 

ti.GO tun, and the dccolorization cflicicncy (%) \VHS calculated through J~q. (~:3): 

c c . 
Dccolori7.at;ion efficiency (%) = 

0 G~ '· x 100, 

'" 
(23) 

where C 0 aud C 1. are the concentration of the dye initially and at tirne t, respectively. 
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Figure 15; Sche1natic represent.aUon of t;\Je reactor used for different; oxidative processes. 

The photocatalytic decolorizution e..xperiiue1~t:; \Vere co11ductecl in the afore1nentioncc1 conditions explained 

for the adsorption test. UV-A, UV-B, or lJV-C) la111ps 'Nith no1ninal po\ver of 8 \~r, placed i11sidc a quartz tube 

\vithi11 the reactor, \Vere use<l to produce arLilicial irradiatioll for pliotocatalytic dcco[ori~atio11 experin1e11L::.. 

In the C1:1.')C of ozouation or photo-ozonatio11 expcri111ents, the ozone 'Nas procluccd usi11g a 'l'OCC2) 'n·iogen 

(Scotland) Ozone generator, aud the prodncecl ozone \V<:1s continuously bnbbled into the n~<tctur. 

3:5. Neural networ~ inodeling 

A 1nultilayer percept.ran (MLP) net\vork, which is the rnost conunon net\vork of t.he l'eccl for\vard kiud, \Vas 

developed for rnodeling the catalyst perfor1na.nec. rrhe JVILP net\vork consists of an input layer, an output layer, 

and one or n1ore hidden layers, and each layer consists of a nnrnber of neurons. The nn111ber of independent 

variables and the nu1nbcr of dependent vari<lbles (responses) determine the nurnber of neurons in the input 

and output layers, respectively. Iu ihi::; stndy, the input layer contained four neurons i11clnding initial dye 

concentration, catalyst concentratiou) inlet o~one gas concentration, and solution pl-I. 'l'hcre \Vas ouc uenron in 

the output laye1· i·epresenting the decolorizalion <>fficiency of DR54-. 

T'vo ~nain steps can be recognized i11 the ANN nrodel develop111en.t.: det.errninat-.ion of t1pt.in1111n topology 

and validation of the n.1odel. For 111odeli11g1 t;he data n.re ra11do1nly divided into t\vo set::; including a training 

set and a test set.. The training set is nsecl in ut~t\vork training and \veights calcnlation, and the test set is used 

to validate the n1odeL In this study, 250 iterns of dnta were used for ino<leliug. \~Thile 80% of the total data 

were used to esti1natc the neural net\vork,s pnrn111et:ers in the training phase, 20% 'verc 11secl as test data to 

validate the net\vorks. It should be not.eel that theoretically t.he rvILP with one hiclclen layer and appropriate 

neuron inunber can 1nodel any process that l'vILP \vith two or n1ore hidden layer::> can n1udel) and so a MLP 

with one hidden layer was ns0cl for developing the inodel. '18 It should be uoted that; low neurons cannot model 

t.he proceRs. On the other hand, ovcl'fittinµ; cnn necnr in the cr.\RC of a nct\vork \vith too 1H«:i.ny neurons in the 

hidden layer. T'herefore, in order to obt.aiu all appropriate inocle~, the opthnun1 uu111her of neurons should be 

used in the hidden layer. In order Lo detern1iue the opti1nu1n nu111ber of neurons in the hidden layer, at first 

the trainiug of the n1o<lel 'vas started with a s111all nurnber of neurons, and then the 1nodel t;rainiug continnecl 

by adding neurons to the hidden layer until obtnini11g Lhe best n1oc\el \vithout ovcrflLting. 'l'he nienn square 
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error {NISJ~) was us0d to study the relation bet,veen the 11u111ber of neurons in the hidden layer and net\vork 

error. 41 The tan-sigmoid (hyperbolic tangent sigmoid) (E:q. (21)) ancl a linear function (E:q. (25)) were used 

as the activation function of the hidden layer and output layer, respectively: 

1 
f ( x) = 71 _+_e_x]-> ~( --x~·) (24) 

f(x) = >; (25) 

Before training the n1odel, all data \Vere nor1nalizecl over the.range of 0 to 1 tlsing Eq. (26): 

1 
Xi= X _ X . (..-Yi - Xmiu) 1 

..1 nm ... '< nun 
{2G) 

where X inax and X in.in are the highest and the lowest li1nits of the i th variable, respectively. Xi is the actual 

value of the ith variable and Xi is the c.li1nensionless codecl value of the ith variable. 

4. Conclusion 

In this research, Zu() nanoparticles \VCl'C iinn10Uilized Oll the surface. of rvrwrr through the synthesis of ZnO 
' . 

nanoparticles in the presence of IvIIvIT, resulting in the preparation of ZnO/IvIMT nanocornposite. The FT-IR 

spectru1n and SEivI and 'l'J~IvI itnages of the ZnO /MrvI'l' nanocotnpositc confirmed successfully ilnmobilization 

of the ZnO 11ru1oparUcles 011 the surface of MM".C:. The average size of the ZnO plates inunobilized on the IvlJVIT 

'vas fonud to be in the range of 30-45 111n. The coexistence of characteristic peaks of both lVU\dT and ZnO in the 

XllD p1Jttern of ZnO/r-.iI.LvJ'J' nanocon1posite conlirmed the in1111ohilization of 'vurtzitc ZnO rian..Opa1ticles on the 

surface of Ivnvrr. "l'bc average crystallite size of ZnO 'vas calculated about 25 11111 in ZnO/rvIIvI'r san1ple. The 

prepared ZnO/:tvirvI'r na11oco1nposite activity 'vas exa1niucd for the photocatalytic ozonation of Disperse Red 

54 (Dil54) under UV-C irradiation and the highest dccoloriza! ion efficiency (88.75% after GO 111i11 (~r reaction 

tin1e) 'vas obtained for the n1entioned process co1npared to the other syste1ns such as adsorption, photolysis, 

single ozo11ation 1 catalytic ozonation, and photolysis. 1'he highest decolorizat.iou was obtained in pll = 6.6 

in 'vhich the highest a11101111t. of the dye is adsorbed on the ZuO /lVI:rvrr· 11anocon1positc, indicating ·that the 

adsorption of pollutant on the surface of catalyst is a deter111iuing step in the photocat.aJytic ozonation process. 

'l'he reduction of decolorization efficie11cy in the. presence of vari~us organic and in~rganic radical scavengers 

confir111s that liyc.lroxyl nHlicals a11d peroxide anion radicals arc Lhc inaiu oxic.liziug species in thi:; process. The 

clecolorization efficiency increased as the nanocon1posite coucenLrn.tion and the inlet ozone gas conce1itration 

increasecl, but (.he clccolorizaLion efficiency decreased wiLh incrf'af-:ing initial concentration of Lhe dye. 'l'he resul[,s 

of the reusability study de111011strated that synthesized Z110/l\'11\fI' na.uoco1nposite had good capab!lity. after 5 

sets of photocatalyUc reactiou. li'inally, a three-layer pc:rccptron ueurfll net\vork. \Vas applied for 1nocleling and 

expressing the relationship beL,veen decolorization efficiency and operational para.n1eters. 
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