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Abstract  

Stringent environmental standards have made the removal of Cr(VI) from water an important problem 

for environmental scientist and engineering. Heterogeneous photocatalysis using suspended photocata-

lyst is an interesting technique to consider for this application. In this work, the influence of particle 

size of suspended CdS on the photocatalytic reduction of aqueous Cr(VI) ion was investigated. The effi-

ciency of Cr(VI) reduction was monitored through UV-visible analysis. The experimental results 

showed that the nanoparticle size has a dramatic effect on the adsorption and reduction of Cr(VI). As 

surface area increased from 44.2±0.6 to 98.7±0.5 m2/g due to particle size reduction, the rate of Cr(VI) 

reduction nearly doubled in the first 20 min of visible light irradiation. The results evidenced the in-

verse relationship between the apparent reduction rate constant and the CdS particle size. Conversely, 

the half-life (t1/2) period of the photocatalytic reduction has a direct relationship with CdS particle 

sizes. Copyright © 2017 BCREC GROUP. All rights reserved 
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1. Introduction  

Photocatalytic transformation of reactants 

at the surface of a semiconductor is a complex 

multi-step process involving (a) photogenera-

tion of conduction band electrons (ecb-) and va-

lence band holes (hvb+); (b) separation and 

transport of the charges to the photocatalysts 

surface; and (c) surface redox reaction [1]. The 

reductive and oxidative surface reactions in-

volve the transfer (ejection) of electrons or 

holes to pre-adsorbed reactants. The rates of 

the surface reactions depend on the efficiency 

and rate of charge transfer between the photo-

catalyst and the substrate and on the quantity 

and quality of the active surface area of the 

photocatalyst [2,3]. A catalyst with large sur-

face area is usually preferred because it usually 

provides large area for the adsorption of the 

solute, more active sites for ejection of charge 

carrier(s) and for the surface reactions to occur. 

Literature indicates that numerous success-

ful studies have been done to investigate the 

feasibility of reducing Cr(VI) to Cr(III) by the 

photocatalytic process. In general, the studies 

covered many aspects of photocatalysis includ-
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ing the influence of the (a) type of photocatalyst 

[4,5,6,7], (b) irradiation intensity [8], (c) photo-

catalyst loading [9], (d) Cr(VI) pollutant con-

centration [9], (e) solution pH [10], and (f) addi-

tion of radical scavengers [11] on the rate of re-

duction of Cr(VI) to Cr(III) with the objective of 

optimizing the process. The findings indicate 

that (a) the rate of reduction increases but pho-

toefficiency decreases with increasing irradi-

ance, (b) the percentage of Cr(VI) photoreduced 

increases to a maximum and then decrease 

with increasing photocatalyst loading, (c) the 

rate of reduction increases but percentage of 

Cr(VI) reduced decreases with increasing 

Cr(VI) concentration, and (d) the rate of reduc-

tion decreases with increasing pH. Despite 

these investigations on the effects of operating 

conditions in the photocatalytic reduction of 

Cr(VI) to Cr(III), it is not clear what changes in 

photocatalytic activity are expected due to the 

particle size of CdS photocatalyst.  

In the present work, we attempted to sys-

tematically investigate the effect of particle 

size on the adsorption and photocatalytic re-

duction of Cr(VI) in aqueous medium. Towards 

this end, CdS nanoparticles were prepared by 

microwave assisted polyol precipitation method 

and separated into different sizes by centrifu-

gation. The fractions were suspended in aque-

ous Cr(VI) solution to study the effect of parti-

cle size on the reduction kinetics of HCrO42- by 

CdS under visible-light irradiation.  

 

2. Materials and Method    

2.1. Materials   

The chemicals, such as cadmium chloride 

(CdCl2•2.5H2O), thiourea (H2NCSNH2), 

thioacetamide and ethylene glycol 

(HOCH2CH2OH), were purchased from Merck. 

Polyvinyl pyrrolidone (PVP 58 000) as cap-

ping/stabilizer was purchased from Alfa Aesar 

(NaOH, Emsure, Germany). Sulphuric acid 

(H2SO4, 95-98%, R&M Chemicals, U.K.), etha-

nol (C3H6O, R&M Chemicals, U.K.), potassium 

dichromate (K2Cr2O7, Systerm, Malaysia) and 

1,5-diphenylcarbazide (C13H14N4O, R&M 

Chemicals, U.K.) were also used. All chemicals 

were of analytical grade and used as-received 

in the experiments without further purifica-

tion.   

 

2.2. Synthesis of Polyvinyl Pyrrolidone 

(PVP) capped CdS nanoparticles     

The synthesis of CdS quantum dots (QDs) 

was performed in a 0-1000 W power microwave 

(MW) digester with a temperature controllable 

unit. PVP capped CdS quantum dots were syn-

thesized by the microwave polyol method as 

previously described [12] with slight modifica-

tion. In a typical synthesis, 12 mmol of a 

H2NCSNH2 was mixed with 10 mmol of 

CdCl2•2.5H2O and dissolved in 100 mL 2.5 

wt.% solution of PVP in ethylene glycol. The 

mixture was stirred at 550 rpm for 1 h at room 

temperature to ensure complete dissolution of 

the solids. The homogeneous solution was then 

irradiated at medium-low power (400 W) in the 

MW digester for 10 min at 150 oC. After about 

7-8 min, the solution turned deep orange in 

color indicating the onset of CdS nanocrystals 

formation. After irradiation, the turbid CdS 

suspension was allowed to cool overnight in the 

dark. The CdS precipitate was separated by 

centrifugation (Kubota, Model 6500) at 5000, 

10000 and 15000 rpm for 20 min. The precipi-

tate was washed three (3) times with de-

ionized water and then with pure ethanol and 

dried at 90 oC for 5 h. The CdS fractions la-

belled as CdS–5, CdS–10, and CdS–15, respec-

tively.   

 

2.3. Photocatalytic activity measurement     

Photocatalytic activities of the CdS fractions 

were investigated by reduction of Cr(VI) to 

Cr(III) experiments in a 400 mL immersion 

well photoreactor (model RQ400, Photochemi-

cal Reactors, UK). The schematic diagram of 

the photocatalytic reaction setup for the reduc-

tion of Cr(VI) is shown in Scheme 1. In a run, 

0.20 g of the photocatalyst was added to 200 

mL of 20 mg/L (68 μmol/L) K2Cr2O7 solution 

containing 15 % volume CH3OH in the reaction 

flask. The pH of the mixture was adjusted with 

0.18 M H2SO4 and the flask was placed on a 

magnetic stirrer and stirred for 30 min (based 

on adsorption kinetic studies) in the dark to 

equilibrate. In the meantime, a 400 W halogen 

lamp in an immersion well that is cooled with 

water (5 mL/s) was switched on for a 15-20 min 

run up time to reach maximum output. There-

after, the immersion well with the glowing 

lamp was inserted into the reaction flask to 

start the photoreaction under continuous stir-

ring at 500 rpm. About 3 mL of reaction mix-

ture were drawn from the reactor vessel at 

scheduled time intervals to the maximum of 

60min. The aliquots were immediately centri-

fuged at 5000 rpm for 5 min to settle out the 

photocatalyst and collect the supernatant for 

analysis of the residual Cr(VI). The temporal 

concentrations of Cr(VI) were determined by 

optical absorbance measurements of the super-

natants at 540 nm on a spectrophotometer 
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(Shimadzu model UV-1800) according to the 

1,5-diphenylcarbazide (DPC) procedure [13]. 

All aqueous solutions and dispersions were pro-

duced with 18.2 M.cm distilled de-ionized wa-

ter.  

 

2.4. Characterization     

The X-ray diffraction (XRD) diffractogram 

patterns of the powdered samples were re-

corded using a Shimadzu X-ray diffractometer 

(XRD-6000) with Cukα radiation (λ = 0.1540 

nm). The morphologies of the CdS samples 

were viewed using scanning electron micros-

copy (SEM; Hitachi S-3400N) and energy filter-

ing transmission electron microscope (Leo 

912AB EFTEM).  

Ultraviolet-Visible (UV-VIS) diffuse reflec-

tance spectra of all samples were obtained on a 

Shimadzu UV-Vis-NIR Spectrophotometer 

(model UV-3600, Japan) equipped with a Ba-

SO4 coated integrating sphere. Samples were 

lightly ground using an agate mortar and pes-

tle to form loose agglomerates of about 0.1 mm 

in size prior to optical measurements. The ab-

sorbance spectra were analyzed using the [14, 

15] relation: 

hF(R∞) = K(hbgn           (1) 

where K is a constant, F(R∞) is equivalent to 

molar extinction coefficient, Ebg is the average 

band gap of the material and n is also a con-

stant that depends on the type of transition. 

CdS is a direct transition material which 

means n = 1/2. The optical band gaps of the 

CdS fractions were estimated from the inter-

cept of the tangent to linear portion of the 

[hF(R∞)]1/n vs. h plots on the h axis. Surface 

areas of the samples were determined from 

BET measurements on a 3Flex Surface Char-

acterization Analyzer (Micrometrics, USA).    

 

3. Results and Discussion 

3.1. Characterization  

3.1.1. Structural analysis            

In Figure 1, the diffractogram of the parent 

CdS sample is plotted. The result shows promi-

nent peaks at 24.8o, 26.5o, 28.2o, 43.7o, 47.9o, 

51.9o, 51.9o, 52.9o, 54.6o, 58.4o, 66.9o, 69.3o, 

71.0o, 72.4o, and 75.7o. These peaks are indexed 

to reflection from the crystalline planes (see 

Figure 1) of hexagonal CdS that match PDF 

77-2306. The sharp and high peak intensities 

of the lattice reflections are indications that 

the sample has well grown crystals and rela-

tively regular crystalline structure [12,16].  

Scheme 1. Schematic diagram of the photocatalytic reduction setup. Cooling water inlet (1), cooling 

water outlet (2), Cr(VI) solution (3), quartz glass lamp sleeve (4), borosilicate glass photoreactor (5), 

visible-light source (6), magnetic bar (7), and hot plate and magnetic stirrer (8) 
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3.1.2. Morphological and textural analyses 

The morphology of the PVP-capped CdS 

sample was investigated with SEM. Figure 2(a) 

shows a typical SEM micrograph of the as-

synthesized CdS sample. The photograph 

shows spherical particles of PVP embedded 

CdS. The presence of PVP limits aggregation 

[12,17] and gives the wool-like appearance that 

is observed in the picture. This result is consis-

tent with other results of polymer capped 

nanoparticles as reported in the literature [18]. 

To investigate the chemical composition of CdS 

sample, the elemental analysis of samples was 

performed using Energy-dispersive X-ray spec-

troscopy. The EDX pattern (Figure 2(b)) of the 

CdS nanoparticles is shown in Table 1. The re-

sults show that the sample contains 70.16 wt.% 

Cd and 19.25 % S with the balance (10.59 %) 

being C. 

   Figures 3(a) to 3(c) show the TEM micro-

graphs of the different CdS fractions: CdS-5, 

CdS-10, and CdS-15, respectively. It is ob-

served from Figure 3(a) that the fraction ob-

tained at 5000 rpm (CdS-5) consists mainly of 

large angular particles. On the other hand, the 

CdS-10 (10000 rpm; Figure 3(b)) and CdS-15 

(15000 rpm; Figure 3(c)) samples consist of uni-

formly shaped spherical particles. The differ-

ences in morphology between the CdS-5 and 

the other samples could be due to particle ag-

gregation. The mean particles size distribu-

tions of the fractions determined by counting 

using the software FIJI [19] are shown in Fig-

ure 3(d) and the computed particle diameters 

are listed in Table 2. The relatively large parti-

cles (CdS-5 and CdS-10) settled out at 5000 

and 10000 rpms before the settling out of the 

Table 1. Elemental composition of as-produced CdS sample.      

 

Figure 1. Diffractograms of the as-produced 

CdS nanoparticles collected 

Element line Weight % Atom % Compound 

C K 10.59 34.57 10.59 

S K 19.25 32.13 19.25 

Cd L 70.16 33.40 70.16 

Total 100.00 100.00 100.00 

 

Figure 2(a). SEM micrograph 

Figure 2(b). EDX spectrum of the as-produced 

CdS sample 
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smaller sized particle CdS-15 at 15000 rpm.  

 

3.1.3. UV-Visible analysis  

Figure 4 shows the room temperature dif-

fuse reflectance spectra of the different CdS 

fractions. These spectra show the typical fea-

tures of group II-VI semiconductor nanoparti-

cles. As is evident from the figure, all the sam-

ples begin to absorb between 400 to 500 nm. 

This corresponds to absorption edges less than 

that of bulk CdS (≈ 515 nm, [20]) which is in-

dicative of a blue-shift in the band gaps of the 

samples. The inset of Figure 4 shows the Tauc 

plots and the corresponding band gaps of the 

fractions CdS-5, CdS-10, and CdS-15 as 2.5, 2.6 

and 2.9 eV respectively. Tauc plots (inset of 

Figure 4) show the band gaps of the samples 

have blue shifted by about 0.1, 0.2 and 0.5 eV 

compared to that of bulk CdS (2.4 eV). The 

shifts are quantitatively consistent with the re-

sults of previous work [16]. The increase in 

band gap with decrease in particle size can be 

attributed to size confinement effect [17,20]. 

  

3.1.4. BET analysis         

Figures 5(a) to 5(c) show the N2 adsorption-

desorption isotherms for the different CdS frac-

tions. The profiles exhibit the typical type IV 

isotherm with its characteristic hysteresis indi-

cating that the fractions are mesoporous [21]. 

The specific surface areas (BET) of the frac-

tions determined are summarized in Table 2. 

From the table, it is observed that the largest 

surface area (98.7 m2/g) was observed for CdS-

15, followed by CdS-10 (79.1 m2/g) and then fi-

nally by CdS-5 which gave the lowest surface 

area of 44.2 m2/g. The result showed that the 

specific surface area has an inverse relation-

ship with particle size [22,23].  

 

3.2. Photocatalytic reduction of Cr(VI)      

Figure 6 shows the temporal decay of Cr(VI) 

concentration over different CdS fractions be-

cause of adsorption (dark region) and then by 

photocatalysis under visible light irradiation. 

Table 2. Some properties of the CdS fractions used in this study        

Sample Fraction TEM Size, nm BET, m2/g Eg, eV 

CdS-5 59.2 ± 1.6 44.2 ±  0.6 2.5 

CdS-10 35.9 ± 0.4 79.1 ±  0.3 2.6 

CdS-15 28.4 ±  0.6 98.7 ± 0.5 2.9 

Figure 3. Micrographs of the as-produced CdS 

nanoparticles collected at: (a) 5000 rpm (CdS-5), 

(b) 10000 rpm (CdS-10), (c) 15000 rpm (CdS-15) 

 

Figure 3(d). Gaussian fits of the fractions’ 

particle size distribution.  

 

(a) 

 

(b

 

(c) 
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The figure showed that irrespective of the CdS 

particle size, Cr(VI) was removed by all the 

samples. However, the removal is more effi-

cient over CdS-15 than it was over CdS-10 and 

CdS-5. The concentration of Cr(VI) exponen-

tially decreased more rapidly as the size of the 

catalyst decrease. For CdS-15, it is observed 

that about 70% of the initial Cr(VI) was re-

duced within the first 20 min of illumination 

thereafter the fall begins to flatten out. The fall 

in reduction rate has been attributed to de-

crease in Cr(VI) concentration and also to the 

cumulative deposition of Cr(OH) onto the sur-

face of the photocatalyst [24]. The experimental 

results showed that on comparison as the sur-

face area increased from 44.2±0.6 to 98.7±0.5 

m2/g due to particle size reduction, the rate of 

Cr(VI) reduction nearly doubled in the first 20 

min of visible light irradiation. 

The temporal photocatalytic decay of Cr(VI) 

concentration has been shown to obey the 

pseudo-first order rate kinetics [6,25,26]: 

Ct = C0 exp(-kat)             (2) 

where ka is the apparent first-order rate con-

stant, and C0 is the initial concentration of the 

Cr(VI) pollutant. The rate constant, ka, is deter-

mined by nonlinear regressing of experimental 

data as shown by the solid lines in Figure 6. 

The relationship between the reaction rate 

and particle size could be determined for the 

 

Figure 4. Room temperature diffuse reflec-

tance spectra of the CdS fractions. Inset: 

[hF(R∞)]2  vs. hυ Tauc [14] plot for the deter-

mination of the band gap transition energies of 

the samples 

 

(a) 

 

(b) 

 

(c) 

Figure 5. BET Analysis of the CdS fractions: 

(a) CdS-5, (b) CdS-10, (c) CdS-15 
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suspended systems by examining the experi-

mental results. Careful inspection of the pro-

files of the plots in Figure 6, suggests that the 

relationships between each of the parameters 

and particle diameter is logarithmic of the form 

presented in the previous work [27]. Accord-

ingly, experimental data were fitted to a loga-

rithmic function of the form: 

y = y0 + A ln(d)            ( 3 ) 

where y0 and A are constants and d (nm) is par-

ticle diameter. The constants (y0 and A) that es-

tablish the respective relationship between r0 

(mg/L.s), ka (min-1), and t1/2 (min) of photore-

duction of Cr(VI) and particle diameter of the 

CdS are obtained by non-linear fit of experi-

mental data to Equation (3). The relationships 

that favorably approximates the r0, ka, and t1/2 

to the photocatalyst particle size are: 

ka = 0.163 - 0.033 ln(d)            (4) 

r0 = 0.258 - 0.055 ln(d)           (5) 

t1/2 = -30.028 + 13.416 ln(d)           (6) 

Figure 7 shows the variations of (a) reaction 

rate, (r0) with diameter, (b) rate constant, (ka) 

with diameter, and (c) half-life time t1/2 with di-

ameter, respectively. From the figure, it is ob-

served that both initial rate and rate constant 

have inverse relationship with CdS diameter. 

Conversely, half-life period has direct relation-

ship with particle size. That is, it increases (or 

decreases) with increase (or decrease) in parti-

cle size. This result is consistent with the find-

ing of previous work [27] working on 

TiO2/methylene blue/UV system.  

  

4. Conclusions 

CdS nanoparticles were prepared by micro-

wave assisted polyol synthesis method. The re-

duction of Cr(VI) to Cr(III) was studied in sus-

pended solutions of CdS photocatalyst of differ-

ent particle sizes. The adsorbability of Cr(VI) 

on suspended CdS particles increased as the 

particle sizes decreased. Similarly, the photo-

catalytic activity also increased with the de-

crease in the CdS particle size. The initial re-

duction rate, r0, apparent rate constant, ka and 

half-life, t1/2 of photoreduction of Cr(VI) are 

found to be logarithmic functions of particle di-

ameter. Both the r0 and ka were found to in-

crease with decrease in particle diameter. 

Whereas, the half-life times of Cr(VI) reduction 

increase with increase in diameter. Thus, the 

photocatalytic activity increased as the CdS 

particle size became smaller. 
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