Wi
=N

7 A

\gm

Chemueekh

International Journal of ChemTech Research

RESEARCH CODEN(USA): IJCRGG  ISSN : 0974-4290
www.sphinxsai.com Vol.5, No.4, pp 1452-1461, April-June 2013

Photocatalytic Degradation of Methyl Orange Dye using
Cr-doped ZnS Nanoparticles under Visible Radiation

Alemseged Eyasu, O.P.Yadav* and R.K.Bachheti

'Chemistry Department, Haramaya University, Post Box: 138, Dire Dawa, Ethiopia

*Corres. author: yadavop02@yahoo.com

Abstract: Chromium doped ZnS nanoparticles,with 0.05, 0.1, 0.2 and 0.3mol % of Cr have been prepared
using incipient wetness impregnation method.As-synthesized Cr-ZnS composite was characterized using UV -
visible spectroscopy and XRD techniques. Kinetics of photocatalytic degradation of methyl orange (MO) dye
catalyzed by synthesized nanoparticles was studied under UV and visible radiation.Effect of parameters such as
dopant concentration, pH, and dye initial concentration on the photocatalytic degradation of MO dye were
investigated. Photocatalytic degradation decreased with increasing dye initia concentration. Using 0.2mol%Cr-
ZnS as photocatalyst, the dye was degraded 74.28% and 65% under visible and UV radiation, respectively, at 5
hrs of the reaction. Higher photocatalytic degradation of dye under visible radiation than under UV radiation is
attributed to red-shift of the absorption edge of the Cr-doped ZnS photocatalyst enabling it to harvest more
photonsin the visible light

K eywor ds: degradation; kinetics, methyl orange; spectraoscopy; visible.

I ntroduction

Environmental problems associated with hazardous wastes and toxic water-pollutants have attracted much
attention. Organic dyes are one of the major groups of pollutants in wastewaters released from textile and other
industrial processes. Among various Physical

and biological techniques for the treatment of pollutants, precipitation, adsorption, air stripping, flocculation,
reverse osmosis, and ultra-filtration can be used for color removal from textile effluents(1). These techniques
are non-destructive and merely transfer the non-biodegradable matter into sludge, giving rise to new type of
pollution, which needs further treatment (2). Recently, there has been considerable interest in the utilization of
advanced oxidation processes (AOPs) for the complete destruction of dyes.

Heterogeneous photocata photocatalysis, one of the advanced oxidation processes (AOPs), is a cost-effective
treatment method for the removal of toxic pollutants from industrial waste water sowing to its ability to convert
these into safer end products such as CO,, H,O, and minera acids (3,4). Semiconductor nanoparticles, as
heterogeneous photocatalysts, have attracted much interest due to their size tunable physical and chemical
properties. Transition of matter from bulk to nansize, displays quantum mechanical properties and increased
dominance of surface atoms, which give rise to unigue photo-physical and photo-catalytic properties to the
nanomaterial. Such differences in the photocatalytic activity are related to the variations in the surface
impurities, existence of structural defects into crystalline framework or density of hydroxyl groups on the
catalyst’s surface (5). Transition- metal sulphides have unique catalytic functions due to rapid generation of
electron-hole pairs by their photo-excitation and the highly negative reduction potentials of excited electrons
(6,7). Further, incorporation of transition metal ion dopants in these semiconductor nanoparticles, can influence
their photo-catalytic performance. The effect of metal doping on the activity of a photoctalyst is governed by
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several factors such as: the nature and amount of the dopant, preparation method and the initial concentration of
the pollutants to be treated

Though several modification techniques for improving the photocatalytic activity of semiconductor
photocataysts have, earlier, been reported, little work appears on the transition metal doping and no work is
reported on the kinetic study of degradation of methyl orange dye using nanosize Cr-doped ZnS as
photocatalyst. We report, here, the kinetics of photocatalytic degradation of methyl orange dye using as-
synthesized Cr-doped ZnS nanoparticles as photocatalyst. Effects of dopent (Cr) concentration in Cr-ZnS
photocatalyst, pH and dye initial concentration on the degradation of methyl orange (MO) have been reported..

2. Materials And M ethods
2.1.Materials

ZnS0,4.5H,0, N&S.7H,0, Cr(NO3)3.9H,0, and methyl orange. NaOH, HCI, and isopropanol used were of
analytical grade. spectrophotometer ( Model: SP 65; X-Ray diffractometer (BRUKER D8 Advance XRD, AXS
GMBH, Karlsruhe, West Germany)-

2.2. Methods
2.2.1 Synthesisof ZnS Nanoparticles

One molar solution of sodium sulphide was added drop wise into one molar zinc sulphate solution under
continuous stirring at 400 rpm until the white precipitates formed The suspension was filtered and the
precipitates were washed several times with distilled water, dried at 100 °C for 24 hours and grinded to achieve
fine powder.

2.2.2. Synthesis of Cr -doped ZnS nanoparticles

Appropriate amount of Cr(NO3)3.9H,0 was dissolved in distilled water by stirring at 400 rpm for 5 minutes. As-
synthesized ZsS powder was mixed in the above solution by agitating for one hour. The product was filtered
and washed 3 times with distilled water until the filtrate was free of nitrate ions. The product was dried at 105°C
for 24 h and grinded to fine powder and finally calcinated at 300°C for 4 hours. Chromium doped Zinc sulphide
(Cry.ZnS1 ) (x=10.05, 0.1, 0.2 and 0.3 mol %) composite photocatal yst samples were prepared.

2.2.3UV-Visible Absorption Study

The UV-visible absorption spectra of the as-synthesized photocatalysts, dispersed in isopropanol, over 200-800
nm was obtained using a spectrophotometer ( Model: SP 65); X-ray diffractometer

2.2.4. XRD Analysis of Photocatalyst

XRD analysis of 0.2 mol % of Cr-ZnS photocatalyst sample was carried out using a X-ray diffractometer
equipped with Cu K, radiation (A = 0.15406 nm) source. The diffraction patterns were recorded in the range 26
=4to 64° with 0.02° step size and an acquisition time of 1s/step.

2.2.5. Photocatalytic Dye Degradation Study

To 100 ml of dye solution, a known amount of photocatalyst was mixed in a cylindrical pyrex reactor of 500 ml
capacity (Fig.). It was magnetically stirred under dark for 30 minutes to attain adsorption equilibrium between
the adsorbent (Cr-ZnS) and the adorbate (dye solution). Irridiation under UV or visible light was done upto 180
minutes. Five ml each of the reaction mixture was collected at 30 minutes interval of time and its absorbance at
465 nm was recorded using a UV-Visible spectrophotometer.
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Fig. 1. Photocatal ytic Reactor

3. Results And Discussion
3.1. XRD analysis
XRD pattern of 0.2 mole% Cr-doped ZnS photocatalyst is presented in Fig. 2.
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Fig. 2. XRD pattern of Cr(0.2 mol %)- ZnS nanoparticles.

The observed XRD diffraction peaks at 26 = 27, 28.5, 30.7, 39.7, 47.5, 51.8, 55.5, 56.4, 57.7, 59.3 and 63.7
originate from (100), (002), (101), (102), (110), (103), (200), (112), (201), (203), and (211) planes, respectively,
from hexagonal wurtzite phase (W) of pure ZnS (8,9). Absence of extra peaks due to impurities indicate high
purity of the synthesized photocatal yst.

The average crystallite size of Cr-doped ZnS was determined from Debye-Scherrer formulaLv et al. (10)
D = 0.94.N ( 3.cosB) (1)

Where, D is average size of particle; A is the X-ray wavelength (=0.15406 nm), 8 is full width at half-maxima
of diffraction peak (at 26=27°) ; and 8 is the angle of diffraction with geometric factor equal to 0.94. The
average crystallite size of the Cr(0.2 mol% )-ZnS composite photocatalyst sample was found to be 41.5 nm.

3.2 UV-Vis absor ption spectra of Photocatalyst

UV-visible absorption spectra of ZnS and Cr(0.2 mol %)- ZnS photocatalysts, dispersed in isopropanal, are
presented in Figure 4. The absorption edge for the above photocatalysts were found to be at 325 and 418 nm,
respectively. The red shift in the absorption edge for Cr- ZnS nanoparticles is related to the band gap decrease
of ZnSwhen Cr isdoped into ZnS.




O.P.Yadav et al /Int.J.ChemTech Res.2013,5(4) 1455

5 fum)

Ins
13

Absorbanoe

418 {rm)

1 q\
S ——
02 wl% Cr-Tns

250 300 350 400 430 500 530 600

wave length (nm)

Figure 3. UV-visible spectra of ZnS and Cr(0.2 mol %)-ZnS photocatal yst dispersed in isopropy! .

The band gap energy (Eg) of as-synthesized photocatalyst was cal culated using the equation:
Eq (eV) = 1240/A ------m--mmmmemme e 2
Where, Ey is band gap energy (in electron volts), and A is the wavelength (nm) at the absorbance maxima. The

band gap energy for pure ZnSand  Cr(0.2 mol %)-ZnS nanoparticls are 3.82 and 2.97eV, respectively. It is
evident that the Cr-ZnO composite should be photocatalytic active in the visible light.

3.3 Photocatalytic Degradation of M ethyl Orange under visible radiation
Percent photocatal ytic degradation (%D) of methyl orange (MO) dye was calculated using the relation (11)
%D = (1-A/Ag)x100 =(1-C/Cp)x100 ---------- (3)

Where A, and A; are the absorbance of dye solution at the initial stage and at time ‘t” of the reaction,
respectively and C, and C; are the corresponding dye concentrations, respectively.

3.4 Effect of dyeinitial concentration on photo-catalytic degradation

Plots of % photocatalytic degradation of MO as a function of irradiation time (in hr) at varying dye initial
concentration (10x10™ to 75x10°M) using fixed amount (0.5 g /100 ml) of catalyst (Cr(amiv-ZNnS) are
presented in Fig.4.Photocatal ytic degradation of the dye decreases with the increaseinitsinitial concentration.
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Fig. 4. Plots of % photocatalytic degradation of MO under visible radiation as a
function of irradiation time (in hr) at varying dye initial concentration using
fixed amount (0.5 g /100 ml) of catalyst (Cro2moi0s-ZnS) and pH( =7)
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3.5. Effect of dopant concentration in ZnS on photocatalytic degradation of dye

0.05g of each xCr-ZnS (x = 0.00, 0.05, 0.1, 0.2, and 0.3 mol % of chromium content) samples were taken in
different Erlenmeyer flask each containing 2.5 x 10* M MO at pH 7. The mixture was stirred for 30 min in
dark to achieve adsorption equilibrium and was then irradiated with visible light for 5 hrs. Five ml each of
reaction mixture was collected at regular interval of time; suspended particles, if any, were removed by
centrifugation. Absorbance and the concentration of dye were determined, spectrophotometrically. Plots of
percent photocatalytic degradation of dye as a function time at different dopant concentration using the
composite photocatalyst Cr-ZnS are presented in Fig. 5. Plot of % photocatalytic degradation of MO on Cr-ZnS
photocatalyst vs. dopant concentration at 5 h is shownin Fig. 6.

Initialy, percent photocatalytic degradation of dye increased with the increase of dopant concentration upto
0.2mol %. At still higher dopant concentration, however, the dye degradation decreased. Using 0.2 mol % Cr in
ZnS, photocatalytic degradation of dye was 71.28%, whereas, using pure ZnS powder as photocatalyst only
63.19% degradation of the dye was observed. Higher photo-catalytic degradation of dye using Cr doped-ZnS
compared to pure ZnS may be due to trapping photo-excited electrons at conduction band by the doped Cr,

thereby decreasing the electron-hol e recombination.
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Fig. 5. Plots of % photocatalytic degradation vs. irradiation time (hr) under visible light using
different dopant concentration in xCr-ZnS ( x in mole %) of Cr) photocatalyst with fixed MO
concentration (2.5 x 10* M) at pH 7.
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Figure 6 .Plot of % degradation of MO vs. dopant concentration (x in mol%o)
a 5 hover using xCr-ZnS photocatalyst.
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3.6. Effect of pH on M O Photocatalytc Degradation

Plots of percent degradation of MO as a function of time at various pH using MO initial concentration = 2.5
x10° M and optimum catalyst load (0.05 g of 0.2 mol % of Cr-ZnS) are presented in Figure 7 and such plots for
degradation of dye at 5h irradiation time for the above system is given in Figure 8. It. is observed that %
degradation of MO increases when pH is raised from 2 to 3 but at still higher pH the degradation of the dye is
gradually decreased. Degradation of the dye remains almost invariant in the pH 3 to 7. Above pH, 7, the
photocatalytic drgradation of MO rapidly decreses. This may be due to the existence of negative charge at ZnS
photovatalyst due to the adsorbed OH" ions at its surface since the point of zero charge (Pzc) of ZnSis pH=7
(12) and the adsorption of negatively charged MO at the photocatalyst surface is unlikely (13) and hence a
decrease in the observed photocatalytic degradation.
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Figure 7.Plots of % degradation vs. irradiation time (h) for degradation of MO aqueous solution under visible
radiation at various pH. MO initial concentration = 2.5 x10™° M and optimum load of photocatalyst Cr-ZnS
=0,0.05 g/litre (containing 0.2 mol % Cr)
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Figure 8. Plot of % degradation vs. pH at 5hirradiation time for degradation of MO agueous solution at
various pH. MO initial concentration = 2.5 x10™° M and optimum load of photocatalyst Cr-ZnS =0,0.05 g/litre
(containing 0.2 mol % Cr).

3.7. Effect of dopant concentration in ZnS photocatalyst on Kinetics of photocatalytic Degradation of Dye

Photocatalytic degradation rate constant (k) of the MO dye was calculated using Langmuir-Hinshelwood first
order kinetics (3).
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Ir’|CO/CI =Kt - (4)
Where, C, and C, are the concentrations of dye at initial stage and at time t, respectively.

Plotsof In Cy/C; vs. irradiation time (in hr) for photocatalytic degradation of MO over composite photocatalyst
Cr-ZnS with different molar concentration of dopant (Cr) using 2.5 x 10*M MO initial concentration and
pH 7 are presented in Figure-9 and the plot of observed rate constant rate (k in hr'') as a function of dopant
concentration in C,-ZnS for photodegradation of MO is presented in Figure 10. Initialy, photocatalytic
degradation rate constant (k) increased with increasing dopant concentration uptil 0.2 mol % and then
decreased at higher dopant concentration. lonic radii of Cr** and Zn*? being 0.63 A and 0.74 A, respectively,
the doped Cr* can enter ZnS lattice substitutionally (14,15). Doped Cr*® upto an optimal concentrations in
ZnS acts as trap for photo-excited electrons that lengthens the lifetime of charge carriers results in enhanced
photocatalytic activity of ZnS. However, at higher dopant Cr*® concentration, the charge carriers may
recombine through quantum tunneling leading to a decreased photocatalytic activity of Cr-ZnS (7).
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Figure 9. . Plotsof In C,/C; vs. irradiation time (in hr) for photocatal ytic degradation of MO over composite
photocatalyst Cr,-ZnS with different molar concentration of dopant (Cr) using 2.5 x 10*M MO initial
concentrationand pH =7.
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Figure 10. Plot of photocatalytic degradation rate constant (k, in hr'*) of MO as afunction of dopant
concentration in Cyr-ZnS ( x= mol% of Cr) under visible radiation.

3.8. Comparison of Photocatalytic Degradation of MO under UV and visibleradiation

Plots of photocatalytic degradation of MO under UV and visible radiation as a function of time using
0.5¢g/200ml Cr,-ZnS (x= 0.2 mol % Cr) photocatalyst, dye initial concentration 2.5 x 10* M and pH =7 are
presented in figure 10. Percent photocatalytic degradation of MO is higher under visible light than under UV
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radiation. At 5 hrs of reaction time maximum degradation of MO under visible and UV radiation were 71.28 %
and 65.22 %, respectively.
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Figure 10. Plots of photocatalytic degradation of MO under UV and visible radiation as a
function of time using 0.5¢/100ml Cr,-ZnS (x= 0.2 mol % Cr) photocatalyst, dyeinitial concentration 2.5 x 10
M and pH =7.

4. M echanism of photocatalysisat Cr-ZnS surface
Degradation of dye at the photocatalyst (Cr-ZnS) involves the following steps-

Step-1: Photo-excitation of semiconductor valence band electron creating hole (h*) and free electron (€)-
Semiconductor +hu - e cg+h'yg  -----mm-mmoeee- (1)

Step-2: Conversion of photocatalyst surface- adsorbed oxygen to form superoxide radical (O;7)

(OJass+ € - O7 e ()

Step-3: Formation of HO' radical's by the reaction of valence band hole (h*yg) with adsorbed H,O or HO™ ions-
HO o OH +H" = s 3

ZnS (h+VB) + Hzo - ZnS+HO + H"  —mmmmmmmee (4)

ZnS(hyg") +OH - ZnS+HO™  —eeeeeeeeees (5)

Step-4: Neutralization of superoxide radical (O, ) by protonation forming HO,' radical-
O,"+H - HO;, e (6)

Step-5: Formation of hydrogen peroxide-

ZnS (eCB_) + HOZ. +H" - ZnS + H,Op -----mmmmmmeee- (7)

Step-6: Cleavage of H,0, to form HO" radicas

H,O, +hu - 2HO e (8)

Step-7: Degradation of substrate (MO dye) of valence band hole (h*) or by HOe radical-
h*(ZnS)+ Dye - Dyee" - oxidation of substrate ( dye) ---------------- 9)

HOe+4s + Dye — oxidation of substrate (dye) = ———---mmmemmmme (10)

Various reaction involved in the photocatalytic degradation of dye at Cr-ZnS surface are aso
displayed in Figure-11.
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Figurell. Reactions involved inthe photocatalytic degradation of dyeat Cr- ZnS
surface under UV/Visible radiation

4. Conclusion

Chromium doped ZnS nano-size semiconductor photocatalysts i.e xCr-ZnS (x= 0.05, 0.1, 0.2 & 0.3 mol%)
have been synthesized using incipient wetness impregnation method. The hexagonal wurtzite phase with
optimum dopant was characterized using XRD and UV -visible spectroscopic techniques. Effect of dopant (Cr)
concentration in Cr-ZnS, dye intial concentration and solution pH on photocatalytic degradation of methyl
orange dye under visible radiation were studied.. Whereas, degradation of the dye decreased with the increase
of dye concentration over the studied concentration range, optimum dopant concentration (0.2 mol %) and
optimum pH ( = 3,0) were required for highest dye degradation.
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