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ABSTRACT

Common sources of chromium in wastewater are leather industries, elec-
troplating, electronic, and timber. Hexaval ent chromium is more toxic and
carcinogenic than trivalent chromium. Photocatal ytic reduction of Cr (V1)
to Cr (111) in an agueous medium under tropical sunlight and nanosized
Zn0O semiconductor catalyst has been investigated using potassium dichro-
mate as the model compound. Methanol was added as a hole- scavenger
for enhancement of the photo-reduction. Effects of the process param-
eters such as nano-ZnO loading (0 to 0.6g/L ), initial concentration of sub-
strate solution (10 to 50mg/L), pH (4-9) and methanol-dosing (0— 1.75mol/
L) have been investigated. The initial rate of the photochemical method
was found to be independent of the concentration of potassium dichro-
mate as well as concentration of methanol above an optimum value. A
probable mechanism for the entire reaction and the corresponding kinetic
model have been proposed for the photo reduction and proved by experi-
mental results. Another rate equation based on the LHHW model com-
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pares well with the mechanistic rate equation.
© 2012 Trade Sciencelnc. - INDIA

INTRODUCTION

Chromium occursin two common oxidation states
- Cr (Il1) and Cr (VI). Hexava ent Chromiumistoxic
and carcinogenic. But Cr (1) islesstoxic and can be
readily precipitated or sorbed on avariety of inorganic
and organic substances at alkaline or neutral pH©*2,
Industrial sourcessuch asleather tanning industries,
chromeplating, electronic, metalurgical, and timber
release Cr (V1) in effluent stresmsand therefore must

betreated beforeit isdischarged to surfacewater. The
treatment procedure of Cr (VI)-bearing wastewater
often comprisesof reduction of Cr (V1) and post-treat-
ment such as coagul ation-preci pitation, active carbon
adsorption or membrane based processes and tech-
nologies®*.,

Reduction of chromium occursinanacidicmedium
in presence of an electron donor (e.g., Fe™, Fe) are-
ducing anion (e.g., S*, SO,*) or an oxidizable organic
(eg., andcohol)®8, Andternativecdeanrouteisphoto-
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catdyticreductionin presenceof asemiconductor mate-
ria suchasZnO, TiO,, CdSor WO, under visible/ UV
radiation>3°1%, The photocata ytic method isbased on
thereactive properties of an electron-hole pair gener-
ated inthe semiconductor whenirradiated by UV vis-
iblelight having energy greater than the band-gap en-
ergy of the semiconductor. Application of the photo-
cata ytictechniquefor remediation of inorganicand or-
ganic pollutantsin wastewater has been reviewed by
Kabraet a.*Y. Thismethod iswidely used for treat-
ment of the drinking water and industrial wastewater
by oxidizing refractory organic contaminants. Theca
pacity of asemiconductor photocatalyst such asZnO
to reduceany reducible pollutant which usesthe gener-
ated electron on the semiconductor surfaceis, how-
ever, lessexplored. Photoreduction of ametal ionis
acceerated if itisaccompanied by s multaneous oxida
tion of an organic moleculethat playstheroleof aligand
or a‘sacrificial electron donor’. During the photo-re-
duction process, concurrent generation of oneor more
of the species O,, HO,, OH', H,O, and HO, isre-
ported. This occurs because of the fact that the me-
dium (water) actsasthe el ectron donor smultaneousy
with the sacrificial organic speciesacting asthehole
scavenger. Only afew investigations on photo-reduc-
tionof Cr(V1) have been reported intherecent years.
Kuand Jungi*? studied photoreduction of Cr (V1) inan
irradiated suspensionof TiO, (upto 12 g/L). Khalil et
al "3 studied the same using anirradiated suspension
of ZnO, WO, and two varietiesof TiO,. The pH and
initial concentration of Cr (V1) werereported to have
affecting the photocata ytic process. Usngasacrificia
organic species as ahol e scavenger to enhance pho-
toreduction of Cr (V1) has been reported in severa
recent publications. Schrank et d.¥ used Luranzol S
Kong dyein presence of TiO, photocatalyst at pH val-
uesranging from 2.5and 7.0. Mytych et a .1¥ studied
photoreduction of Cr (V1) with s multaneous degrada:
tion of organic compounds such as phenols, chloro-
and bromo-phenoals, aliphatic alcohols and oxalate
ligands. Carbon tetrachl oridein presence of anon-ionic
surfactant used ashol eabsorbersfrom suspended TiO,
irradiated with visiblelight wasreported by Cho et d .14,

Fromthevery onset of human civilization, man has
utilized sol ar energy to meet variousrequirements, most
important disinfection of water, or environmental
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remediation, atopic over which there has much hue
and cry thesedays. Thefact that fast depleting reserves
of foss| fuel vis-a-visdeteriorating environment hasfur-
ther encouraged studies on more efficient usage of so-
lar energy. Using advanced oxidation techniques by
photocatalysts, solid, liquid and even gaseouswastes
can betreated with the help of solar energy. India, be-
ing atropical country, the daily average solar energy
incident over Indiavariesfrom 4 to 7 kWh/m? with
about 2300 - 3200 sunshine hoursper year, depending
upon location (http://en.wikipedia.org/wiki/
Eath%627s energy budget.html®, Itisthusespecidly
desirablethat environmental remediation problemsin
countrieslikelndiamay beaddressed economicaly with
the help of solar energy rather than employing arela
tively costly power generated fromfossil fud.

Very few reports are available on the photocata-
lytic reduction of hexavaent chromium using solar ra-
diation. Das et al.[*9 studied the photocatal ytic reduc-
tion of hexavaent chromium under solar irradiation us-
ing titania-pillared zirconium phosphate and titanium
phosphate prepared by them as semiconductor cata-
lyst. Thereductionwasfavouredin acidic pH and the
ratedecreased with increaseininitia concentration. The
rate of reduction was pseudo-first order. Mahapatraet
a .I*" prepared, characterized and studied the activity
of thesulphate modified TiO, photocatal yst under solar
radiation for reducing hexavdent chromiumtothetriva:
lent one. The photoreduction wasenhanced by the pres-
ence of complexing agent like EDTA. Surface of the
Zn0O semiconductor was sensitized using humic acid
by Selli et a*® for enhancement of the reduction of
hexavalent chromium under solar radiation. Inare-
cent article, Kabra et al.*¥ reported solar photore-
duction of hexavalent chromium using TiO, catal yst
and citric acid as e ectron donor. They found that the
reduction was highly sensitive to pH and 100% re-
duction could be achieved within 1.5hin the strong
acidic pH of 2. A few researchershave reported com-
paratively better photocatal ytic activity of ZnO com-
pared to TiO, 21, The undoped ZnO hasthe same
band-gap energy of 3.2eV asthat of TiO,. From the
comparative absorption spectraof ZnO and TiO,, it
may be observed from the absorpti on spectrum of ZnO
consistsof asingleand broad i ntense absorption from
470 nmto lower wave lengths, whereas TiO, shows
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intense absorption from 420nm until band gap char-
acteristic absorption maximum at 400 nm. The absor-
bance of ZnO is more than TiO, right from 470 to
350nm, theregion where thelight absorption dueto
band gap excitation occursin both the material §24.
That meansZnO absorbslargefraction of solar spec-
trum and morelight quantathan TiO,,

Useof nano-sized semiconductor particlesisavery
recent trend and the availablereportsarenot many. In
oneof our previousworks??, we had studied the pho-
tocataytic efficiency of nanoparticlesgenerated empl oy-
ing different solvents, which wasobserved to bediffer-
ent dueto different morphol ogy of synthesized ZnO
crystallites. We had al so observed that nanoparticles
have amost doubl e reduction efficiency compared to
that of commercially availablemicroparticlesof ZnO.
Yang and Chan'®! studied photocatal ytic reduction of
hexavd ent chromiumin agueoussolution using dye-sen-
Sitized nanoscaleZnO under visiblelight. Alizarin Red
Sdyewasused for sengtizing nano-ZnO prepared from
ZnSO, and NH,HCQO,. The light source was 4nos.
18W household fluorescent lamp and d so solar radia
tion. They achieved reduction efficienciesof 75% with
lamp and 90% with solar radiation after 17h with 20mg/
Linitid condition of hexavaent chromium. Yoonet d .24
reduced hexavalent chromium in water using
nanotubular TiO, electrode under UV radiation of a
1000W Xenon lamp. At pH 3, they achieved areduc-
tion efficiency of 98% withaCr(VI) solution of Img/L
in 120 minutes. Yang et al !> used WO, doped TiO,
nanotubearray in presence of citric acid assacrificia
€electron donor for photo reduction of hexavaent chro-
mium. Theradiationsused were bothinthe UV and
vishbleregionswithHgand Xelampsrespectively. Idris
et d [ used magneti caly separabl e photocata yst beads
made of y-iron oxide nanoparticle and sodium alginate
polymer to reduce hexavalent chromium
photocatal ytically. They obtained complete reduction
of 50mg/L solution of dichromate within 50 minutes
under solar irradiation. Ku et a > studied the photo-
catalytic reduction of Cr(V1) in agueoussolution using
ZnO/TiO, photocatal ysts coupled with various ZnO
dosagesunder 365 nm UV light illumination. They ob-
served that ZnO/TiO, containing 2.0 mol% ZnO ex-
hibited thel owest photoluminescence emissioninten-
gty and themaximum photocataytic reductionof Cr(V1)
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inagueous sol utions due to the enhancement of charge
Separation by interparticleeectron transfer.

Inthe present work, nanosi zed ZnO hasbeen used
asasemiconductor catalyst to reduce hexavaent chro-
mium present in potassium dichromateunder solar irra:
diation. Thesacrificid dectron donor wasmethanol and
thejudtification of itsusewasexplainedin our previous
work?8, Inthe east coast of Indiain September — Oc-
tober, theaverageintensity of the sunlight was about 60
- 70klux. Theinfluence of process parameterssuch as
ZnOloading, pH, quantity of methanol added and ini-
tia concentration of the substrate wasstudied. A pos-
sible mechanism with arate equation has been mod-
€l ed and tested with experimenta data.

EXPERIMENTAL DETAILS

Materials

Potassium dichromate (GR grade) wasreceived
from LOBA Chemieg, India. Methanol (GR) was pro-
cured from SD Chemicals, India. Zinc oxide
nanopowder (< 100nm size, No. 544906) was pur-
chased from Sgma-Aldrichand freshly prepared double
distilled water was used to prepare solutions.

Char acterization of semiconductor nanoparticles

TheparticleszewasandyzedusngaMalvernDLS
nanosizer ingrument. Themean particlesizeof theZnO
catalyst was 50 — 80 nm (Figure not shown) and the
surface areawas 15 - 25m?/g. Crystal structure and
purity of zinc oxide nanoparticles (Figure not shown)
have been studied using PANalytical PW 3040/ 60
XRD instrument. The cell volume was found to be
29.02644+0.117286 A3. The diffractometer system
was X Pert PRO with 20 from 5to 80°. Particlesizes
of the nanoparticleshave been ca culated us ng Scherrer
equation?,

t = 0.90/(Bcosb) (@]
wheretisthegrain thickness, A is the wavelength of the
radiations, B isFWHM vaue of thepeaksand 0 is the
diffraction angle and the value of t was found to be
26nm. Sizeand surface morphol ogy wasalso analyzed
using AFM (VEECO digital multimode nanoscope
[11a) onglassdide (Figurenot shown).

Intensity of solar radiation was measured using
Metravi 1330digital lux meter. pH of thesolutionwas
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measured by Eutech Waterproof pH Testr 20.

Analytical methods: The concentration of hexavaent
chromium was determined spectrophotometrically at
A, =349nmusingalcmquartz cell inaUV-visspec-
trophotometer (Shimadzu UV-160A)1,

Experimental set up and procedure

Solar experimentswerecarried out in aSS—box
typereactor withaquartz glasscover and havingacool-
ing water circulation system around it. The volume of
the reactor was about 550 mL. It was mounted on a
magnetictirrer for mixing (Figure 1). Potassumdichro-
mate sol ution, weighed quantity of ZnO and methanol
were taken together. Thisreaction mixturewas main-
tained asasuspension with thehelp of amagnetic stir-
rer. After ensuring theadsorption equilibrium, if any, in
the dark, the reactor was exposed to the sunlight for
2h. Aliquots of about 25mL were withdrawn at par-
ticular timeintervas filtered us ng Whatman Nucleopore
Polycarbonate membrane (No. 111103, porosity
0.05um) filter and the filtrate was analyzed spectro-
photometrically for theresidual potassium dichromate
content.

Sunlight

L]

Temperature 4—0

controller

* Quartz Plate

——» Cooling water
Jacket

Reaction
L -
mixture

+ Stir bar

Cooling water ¢———77%
Out

RN
RN

Cooling water — 7

In

| - Mggnetic
stirrrer

Figure 1 : Experimental set-up for photoreduction of
hexavalent chromiumunder sunlight

RESULTSAND DISCUSSIONS

Blank experiments carried out without any photo-
catalyst added did not indicate any photolysisor pho-
tochemica changeinthesubstrate. Thusthe observed
reduction of dichromate was dueto photocata ytic ef-
fect of ZnO and the sacrificia eectron donor only.

Adsor ption experiments
Adsorption of dichromateontheZnO particleswas
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foundto benegligible. EDS analysis of the spent cata-
lyst from the adsorption experiment showed no Cr(V1)
adsorbed onit. In spite of thedispute on theamount of
adsorption, thereisageneral agreementinthelitera
ture®3 that ZnO adsorbsvery little Cr(V1) at neutral
or basic pH (the point of zero charge of the material
occursat apH of 9.2) and our experiment wasdone at
acloseto neutral pH (pH = 5)4.

We havefiltered potassium dichromate solution
without catalyst to study whether thereisany adsorp-
tion/ reduction of Cr(V1) occurred by the membrane
itself and we observed no adsorption / reduction of
Cr(V1) during filtration through polycarbonate mem-
brane. When adsorption experiment was conducted
separately with ahigh concentration of a cohol (Figure
2), substantial adsorption of methanol wasnoted on
thezinc oxide nanoparticle. Theresidua concentration
of methanol was measured spectrophotometrically at
A = 280nM.

I
14
UB»\‘—‘\\\‘\_’_‘_‘_“
s

06

CiCo

04

02

0

0 2YEI d‘D 60 80 100
Time, minutes

Figure2: Timeconcentration datafor adsor ption of methanal

on nano-ZnO photocatalys [ hitial concentr ation of methanol:

20moal/L, temperature 25°C, pH 5, nano-ZnO loading 0.5gin

150mL solution]

Influenceof processparameters

We havevaried the nano-ZnO loading from 0 to
0.6g/L and initia concentration of Cr (V1) from 10to
50mg/L. It wasobserved that theinitial rateincreased
with ZnO-loading up to 0.3g/L.. After that theratere-
mai ned unchanged with ZnO-loading of 0.4g/L and
theresfter, withfurther increaseinloading, it decreased.
Increasein theamount of ZnO meansincreaseinthe
activesitesfor catayss. Hencetheincreaseinrate con-
stant and percent degraded. But after acertain critical
value, thesuspended catalyst blocked the entry of sun-
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light and hencethedecreasein theinitid rate of reduc-
tion of Cr(V1). Wehave plotted ZnO loadingup to 0.4
g/L againgt initial rateto get astraight line (Figure 3a).
Under the otherwise sameexperimentd conditions, ini-
tial rate of reduction with nanosized ZnOisabout 2.8
timesof that with microsized ZnO cataly<.

Therangeof initial concentration of the substrate
weworked wasfrom 10mg/L to 50mg/L. We observed
that the percent reduced decreased withincreaseinthe
initial concentration which wasreported beforeby Ku
and Jung™?, Chakrabarti et al ., Iwataet a.*3, and
Chakrabarti and Dutta®!. However, theinitial rateis
moreor lessindependent of initial substrate concentra:
tion (Figure 3b).

The phaotoreduction experiment hasbeen conducted
indifferent pH to study itseffect on the photoreduction.
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Figure3a: ZnO-loading vsinitial rate of photoreduction
[Initial concentration of substrate: 50mg/L, methanol
concentration 1.25 mol/L, solution volume 500mL,
temperature25°C, pH 5, solar light 70klux]
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Figure 3c : Concentration of methanol vs initial rate of
photoreduction [Initial concentration of substrate 50mg/L,
nanoZnO loading 0.2g, solution volume mL , temperature
25°C, pH 5, solar light 70klux]

ThepHsselected were4, 5, 7 and 9. It was observed
that theinitial ratewasmaximum at pH 4 and remains
nearly thesameat pH 5. However theinitial rateswere
lower in neutral (pH 7) and alkaline (pH 9) medium.
We have conducted the baseline experimentsat pH 5.

We have used methanol ashole-scavenger andin-
creased the quantity of methanol added from O to
1.75mol/L in aset of experiments. We observed an
enhancement intheinitial rateup to 1.25mol/L, after
that theinitial rate did not change considerably with
addition of more methanol (Figure 3c). Thereforewe
fixed our experimentswith 1.25mol/L methanol .

Photo-reduction — steps, mechanism and rate
equation

Thefollowingreaction pathway isproposed for the
reduction processwherethefirst stepisthegeneration
of hole-electron pair after the surface of ZnO
nanoparticleswasirradiated with sunlight.

Photo-excitation: ZnO+hv—257ZnO(h* +e7) (2

Theholeisresponsiblefor oxidation andtheelectronis
responsiblefor reduction. Asreduction isthedesired
route here, we have used methanol as hole-scavenger.
Therewasno changeintheinitia rateof reduction of
Cr(V1) by addition of methanol beyond 1.25mol/L. This
meansthat dl the holesgenerated a that particular ZnO
loading and light-intensity, have been scavenged by the
amount of methanol added. Sincethequantity of metha
nol isin large excess, we can safely assumethat the
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recombination of hole-electronpairisnegligible.
Turchi and Ollig*¥ suggested four modes of photo-
catalytic reactions, where one of thedescribed reaction
occurring between two free speciesinthefluid phase
formingH,O,. Inoneof thestudies, Khalil et a** has
suggested that since there was no appreci able adsorp-
tionof Cr(VI) onZnO surface, anditisalso possible
that homogeneousreduction of Cr (V1) in solution oc-
cursby photogenerated H,O,[*¥. Dissolved oxygen acts
astheelectron scavenger and generatesH,0,.
Generationof H,O,;:

%OZ+H++ZnO(e‘)L>%HZO2 ©)
A pardléd reduction reaction may haveoccurred through
adsorbed methanol (sincewe observed adsorption of
methanol and not the substrate on the surface) which
givesriseto methoxy radica supon hole scavenging.
Holescavenging by methanal:
CH,OH+ ZnO(h*)—4>CH,0" )
Thereduction of Cr (V1) to Cr (111) may proceed ei-
ther with hydrogen peroxide (vide Eq. 3 above) and/or
with the methoxy radicals (vide Eg. 4 above) gener-
ated in situ. Thereduction reactionsare given below
(Egns (5) and (6)). Equations 5 and 6 are based on
two observations: (i) quite aconsiderable amount of
methanol adsorbed on nano-zinc oxide. (ii) atypical
FTIR spectra(Jasco FTIR-670 Plus) of areaction mix-
ture showed peaks at 1009 cm (69% transmission)
and 835 cm* (55% transmission). These peaks are
characterigtic of an ddehydewhichisformaldehydein
thiscase. Khalil et al.™® suggested homogeneousre-
duction of hexaval ent chromium by photogenerated
H,O, responsiblefor supply of electrontothehexavaent
chromiuminsolution
Reduction of Cr(V1):

Cr(V|)+%Hzoz+H+L>Cr(|||)+HZO+o2 (5)

Cr(VI1)+CH 0" —2Cr(l11)+products (6)
A mechanigtic rateexpression for photo-reduction can
be devel oped on the basi s of the above reaction steps.
Generation and consumption of H,O, and methoxy radi-
calsare assumed to occur at pseudo-steady state!?®l.

%{Hzozl=kz[ozl%[H*][e’]—ks[Cr(VI)][H202]%[H*] =0(7)
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%[CH3O']=k4[CH sOHI[h"]=kg[Cr(V1)][CH ,0°] =0 (8)

Theinitia rateof reduction[from Eq. (4) and Eq (5)]
1S
_d[C(rj(tVI)] = k3[Cr(VI)[HZOZ]}/2[H*]+kS[Cr(VI)][CHgo‘] 9)
Combining Egs(6), (7) and (8),

Initial rate= kz[oz]%[H*‘][e-] + k,[CH,OH][h*] (20)
Again, the pseudo-steady state assumption applied to
the generation of holesand thee ectronsleading to

%[h*]=k1[2n01[hv1—k4[CH30H1[h*] =0 @

and

d
1€ 1=KlZn0lIVI- o, 1 2[H J[e 1= 0 (12)

Combining Egs (10), (11) and (12), thefina form of
therate equation becomes:

Initial rate of reduction,
r.=2k [ZnO][hv]=k [ZnO] (13)
Theinitid rateisthusdirectly proportiona tothe cata-
lyst loading astheintensity of solar radiation remains
congtant. Thiscorroboratesto our experimenta obser-
vationindicatedin Figure 3a.

At constant loading of ZnO,
theinitial rater,=k” (14)
Eq..(14) meanstheinitia rateisindependent of initial
substrate concentration and methanol concentration. The
proposition issupported by the experimental datade-
scribed in Figures 3b and 3c. A recent article by Wang
et al.™ reportsthat the rate of reduction isindepen-
dent of the substrate concentration; this supportsour
Eq. (13) asdeduced from the present mode.

Severa researchers proposed the LHHW rate
equationto determinetherate constant for photocata-
lytic reduction of hexava ent chromium(®*2, But there
arereportswhich suggest that photocata ytic processes
do not alwaysobey LH equation’®=1, Althoughwedid
not observe any appreciable adsorption of Cr(VI) on
theZnO photocatad yst surface, but adsorption of metha-
nol could lead to aL HHW-type pathway of thereduc-
tion reactionthrough theformation of the methoxy radi-
cas[Eqg. (4)]. Totest thispossibility we selected the
followingformof theLHHW equationfor theinitid rate:
k'C,

Initial Rate, 1/ =——2—
1+K C,

(15)
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We could regress the data very nicely (R?>=0.99).
Moreover weobserved that since KC,>>1 at the ex-
perimental range, the LH equation reduced totheform
whereinitia rate wasindependent of theinitial con-
centration of thesubstrate. Following theequation [ Eq.
(15)] suggested by Minero and Vione®® for awell-
stirred open system wherethe substrateisvery poorly
adsorbed on the photocatalyst, it was observed that
theinitial rateisdirectly proportional to the catalyst
loading only. This, once again revalidatesour proposed
Eq. (13).

Thevalue of the zero order rate constant fromthe
LHHW model is0.29 mg L min?. Using ZnO load-
ingas0.3g/L, theva ueof rate constant from our pro-
posed model [k in Eq. (14)] comes to be 0.28 mg.
L. mintwhich arein good agreement. Figure4 shows
aparity diagram showing the experimental and pre-
dicted valuesof theinitial ratesat different loading of
ZnO photocatalyst.

04
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3 03
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-
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0.15 -
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©
= 01
s
!_:D[:ﬁ.

0 005 01 015 02 025 03 035 04

Initial rate mg.L".min"', experimental

Figure 4 : Parity diagram showing experimental and
predicted initial rates

From Eq. (13), therate constant k, for photo-ex-
citation reaction can be determined with known load-
ing of ZnO. The average value comes to be 0.013
(mg. L.min?). (gZnO.L )™ kIx?.

CONCLUSION

Hexava ent chromium in agueous solutionscan be
effectively reducedtothetrivaent sateusngnanosized
ZnO asthe semi-conductor photo-catalyst under solar
radiation in presence of methanol asasacrificial elec-
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tron donor. Under constant intensity of solar radiation,
theextent of degradation aswell asitsinitial rate could
beincreased by increasing theloading of the photo-
catalyst. About 43 % reduction of the substrate could
be achieved over areaction time of 120 minutesusing
only 0.5g nano ZnO per litre of substrate solution. The
initia reaction ratewas practically independent of the
concentration of the substrate aswell asof the sacrifi-
cia eectrondonor but showed alinear dependenceon
the catalyst in suspension. A kinetic model has been
suggested based on apossi ble sequence of reactions.
Wed so observed that themode fittedintheinitia rate
which was cal culated from the experimentd data.
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