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a b s t r a c t
The photo-reduction of Cr (VI) was investigated over a series of ZnO-impregnated H-ZSM-5 catalysts 
varying in ZnO loadings. All the samples were characterized by XRD, FESEM, TEM, EDX, BET, ICP 
and FT-IR techniques. The XRD analysis confirmed the existence of ZnO and HZSM-5 as crystalline 
phases in the nanocomposite structure. TEM images illustrated that fine nanoparticles of active metal 
oxide that were uniformly dispersed over HZSM-5 support. In addition, activity tests were carried 
out and effects of operational parameters such as initial concentration, reaction time, UV intensity 
and pH were evaluated. Among the prepared samples, the ZnO/H-ZSM-5 nanocomposite containing 
40 wt% ZnO demonstrated the best photocatalytic activity. The full factorial design was applied to 
optimize the effect of variable factors in the presence of the best photocatalyst. The ANOVA results 
indicated that at the 95% confidence level, all four variables and their interactions significantly affected 
the Cr (VI) reduction. In addition, the most effective variable was the initial concentration of Cr (VI). 
The optimum initial concentration of Cr (VI), pH, UV intensity and reaction time were found to be 10 
mg/L, 3, 125 W and 60 min, respectively. Under optimal conditions, complete reduction (>98%) was 
approximately obtained for Cr (VI).

Keywords:  ZnO/HZSM-5; Hexavalent chromium; Photo-reduction; Nanocomposite; Full factorial 
design

1. Introduction

In recent years, with the development of various  industries, 
the discharge of wastewater containing heavy metals has 
increased. They cause aquatic environment and soil pollu-
tion and their accumulative effects have harmful impacts on 
human biology [1, 2]. The hexavalent chromium, one of the 
heavy metals released into aqueous streams, is a direct result 
of human industrial activities such as electroplating, leather 

tanning, metal finishing, nuclear power plant, and textile 
industries [3, 4]. Due to its high toxicity, carcinogenicity, muta-
genicity, solubility and significant mobility in environments, 
it is very dangerous [5–7]. Considering these hazards, Cr (VI) 
is recognized as a primary pollutant by International Agency 
for Research on Cancer (IARC). The maximum authorized 
amount of Cr (VI) in water is limited to 5 mg L–1 [8]. Thus, 
treatment of Cr (VI) to make it less toxic Cr (III) is indispens-
able. Cr (VI) toxicity has incited researchers to develop new 
techniques for its removal [4, 9]. In wastewater treatment, 
various methods have been employed for the removal of Cr 
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(VI) such as precipitation, electrochemical treatment, ion 
exchange, reverse osmosis, nanofiltration, bacterial reduction 
and adsorption [1, 10]. However, such methods are costly and 
inconvenient and are limited due to high energy requirements 
with significant sludge production and non-compliance with 
the standard of water pollution [7, 11]. An alternative clean 
and convenient method for the removal of Cr (VI) is a pho-
tocatalytic process in the presence of a semiconductor such 
as TiO2, CdS or WO3, Fe2O3, SnO2, and so on, under visible or 
UV radiation [12–14]. Among the semiconductors, nano ZnO 
performance has been reported to be considerably better than 
TiO2, due to its wide band gap 3.37 eV, good optoelectronic, 
low production cost, thermal stability, its non-toxicity and its 
low demand for energy in enjoying the ability to operate in the 
visible light region [15–17]. Despite the positive attributes of 
ZnO, some of its disadvantages of ZnO such as poor adsorp-
tion properties and high recombination rate of the photo-gen-
erated e–/h+ pairs strongly limit the use of ZnO in environ-
mental remediation [18, 19]. Quick recombination has faster 
kinetics than surface redox reactions and significantly reduces 
the efficiency of photocatalysis [20]. To circumvent these lim-
itations, various efforts have been made to improve the effi-
ciency of ZnO via using suitable supports and coupling pho-
tocatalysts with other materials such as noble metals [21, 22], 
semiconductors [23, 24], zeolites [25, 26], and so on. The appli-
cation of zeolite has been considered as a support, specifically 
for the application in the field of catalysis due to the thermal 
stability, uniform pores and channels and excellent adsorption 
ability [16, 27]. HZSM-5 zeolite with high surface area, surface 
acidity, ion-exchange capacity, strong adsorption and chemical 
stable nature is one of the most widely applied materials as 
catalyst support [28, 29]. It should be mentioned that when a 
semiconductor oxide is immobilized on the zeolites, it exists as 
nanosized particle in a highly dispersed form with increased 
band gap energy and decreased rate of electron–hole recom-
bination [29, 30]. In addition, the excellent adsorption ability 
of supported semiconductor facilitates the diffusion of pollut-
ant molecule from the solution to the surface of catalysts and 
thus improves its photocatalytic performance [31]. In addition, 
the supports with high adsorb-ability can extend life time and 
reusability of the photocatalyst [32]. Therefore, it seems that 
ZnO supported on zeolite enhances the photocatalytic activity 
and induces a synergistic effect [11, 33]. Numerous studies on 
photo-reduction of Cr (VI) by photocatalyst semiconductors 
and different adsorbents have been reported during the recent 
decade. Tabrez A. Khan investigated the removal of Cr(VI) 
using guar gum-nano ZnO biocomposite [34]. M. Qamar et al. 
studied the laser-induced efficient reduction of chromium by 
ZnO nanoparticle [35]. In addition, Wahiba Ketir et al. inves-
tigated the characterization and application of CuCrO2/ZnO 
photocatalysts for the reduction of chromium [36]. In another 
research, Dadong Shao et al. studied the photocatalytic 
reduction of Cr (VI) in a solution containing ZnO or ZSM-5 
using oxalate as the model organic compound [16]. In spite 
of numerous species of catalysts for Cr (VI) reduction, there 
is no report about the photo-reduction of Cr (VI) using ZnO/
HZSM-5 nanocomposite. In the present study, the applicability 
and performance of immobilized ZnO onto HZSM-5 zeolite by 
impregnation method for photocatalytic reduction of Cr (VI) 
at different operational conditions was investigated. The influ-
ence of different parameters such as ZnO loading amount, 

initial concentration of Cr (VI), UV light intensity, reaction 
time and pH on the photo-reduction of Cr (VI) was studied. In 
addition, factorial design technique was simultaneously used 
to investigate the effects of interactional parameters on the 
performance of composite for reduction of Cr (VI). Therefore, 
optimization of the process parameters affecting the photocat-
alytic process was performed and a mathematical model was 
obtained for the process.

2. Materials and methods

2.1. Materials

In the synthesis of ZnO/ZSM-5 nanocomposites, silicic 
acid, sodium aluminate (NaAlO2, Al2O3) and zinc acetate 
dihydrate (Zn (O₂CCH₃)₂(H₂O)₂) were used as silica, alu-
mina and ZnO sources, respectively. In addition, tetra propyl 
ammonium bromide (TPABr, C12H28BrN) was employed as 
a template. Potassium dichromate (K2Cr2O7, 99.9%), acetone 
and 1, 5-diphenylcarbazide (DFC, 98%) were used in different 
steps of the experiment. In addition, NaOH and H2SO4 were 
used to adjust the pH value. All of the raw materials were 
extra pure from Merck and Aldrich Companies. Doubly dis-
tilled water was used during the synthesis step and through 
the experiments.

2.2. Photocatalysts preparation and procedures

The ZnO/HZSM-5 nanocomposites were prepared 
by impregnation procedure. Zinc acetate dihydrate solu-
tion in various concentrations was mixed with the ZSM-5 
support, followed by evaporation under constant stirring 
and then calcination at 300°C for 3 h. The concentration of 
(Zn (O₂CCH₃)₂(H₂O)₂) in solution was matched in order to 
obtain 10, 20, 30, 40, 50, and 60 wt.% of ZnO content in the 
final catalysts. The impregnated samples were denoted as 
ZnO(x)/HZSM-5, where x stands for nominal weight percent 
of ZnO. The HZSM-5 support was hydrothermally synthe-
sized as mentioned in the literature [37]. First, solutions of Al 
precursor, Si precursor and TPABr template were prepared. 
For preparation of Al precursor solution, sodium alumi-
nate was dissolved in NaOH aqueous solution and labelled 
as solution A. Next, solution B was prepared by dissolving 
TPABr in NaOH solution and mixing for 30 min and then 
an aqueous solution of silicic acid was added slowly so that 
the template and NaOH mixed together. In the next step, 
solutions A and B were mixed for 60 min to form gel. Then, 
the solution was poured in a Teflon-lined stainless steel auto-
clave and heated in a furnace at 180°C for 72 h. After filtration 
and washing, samples were dried at 110°C for 12 h and then 
calcined at 550°C for 5 h to form NaZSM-5. Thereafter, the 
calcined NaZSM-5 powder was turned into the H-form by 
2 consecutive ion exchanges with NH4NO3 solution (1 M) at 
80°C for 12 h followed by filtration and washing. Finally, the 
obtained sample was dried at 110°C for 12 h and calcinated 
at 500°C for 5 h. Eventually, H-ZSM-5 was prepared for the 
synthesis of nanocomposites.

2.3. Photocatalysts characterization methods

X-ray diffraction (XRD) was applied to structural iden-
tification that verified the crystallinity of the prepared 
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catalysts. It was done via Inel diffractometer EQuniox 3000 
in 2–90° 2θ range with mono-chromatized Cu-Ka radiation 
coupled with X-ray tube operated at 30 mA and 40 kV. The 
phase identification was made by comparing with the Joint 
Committee on Powder Diffraction Standards (JCPDSs) 

database. The morphology and particle size of catalysts 
were investigated by Field Emission Scanning Electron 
Microscopy (FESEM) apparatus (HITACHI S-4160). The 
FT-IR spectrometer (FTIR, BRUKER VECTOR22) was 
used to investigate the functional groups in the range 

Fig. 1. Synthesis steps of ZnO/HZSM-5 nanocomposite via impregnation/hydrothermal method.
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of 400–4,000 cm–1 wave number. For detecting the metal 
oxide particles on H-ZSM-5, transmission electron micros-
copy (TEM) analysis was carried out on a Philips CM-200. 
The chemical composition of the nanocomposites was 
measured by energy dispersive X-ray (EDX) analysis inte-
grated into FESEM. Finally, the surface area of the samples 
was measured by N2 adsorption using the Quantachrom 
ChemBET-3000 apparatus.

2.4. Photocatalytic activity analysis

The experimental photo-reactor used for photo-
catalytic reduction of Cr (VI) has been shown in Fig. 2. 
Photo-reduction experiments were carried out in a 1 L 
 cylindrical reactor and used a high-pressure mercury 
lamp (Philips 24 and 125 W) to generate 300–400 nm 
wave length. The reactor was placed inside a box which 
was covered by aluminium foil. The reactor tempera-
ture was controlled and maintained at 20 ± 1°C by a cool-
ing water flow. The photocatalyst particles were kept 
suspended in a chromium solution by using a magnetic 
stirrer. The pH of Cr (VI) solution was adjusted by using 
NaOH and H2SO4 solutions (0.1 M) and was measured by 
a pH meter. Prior to irradiation, suspensions were mag-
netically stirred for 30 min in dark conditions to ensure 
substrate-surface equilibration, and then treated with UV 
light for different times. After the run, samples were sep-
arated from the photocatalyst particles by centrifugation 
at 4,000 rpm for 5 min. The residual concentration of the 
Cr (VI) was measured colorimetrically at 540 nm using 
the 1, 5-diphenylcarbazide (DPC) method. The photocat-
alytic behaviour of unsupported ZnO was also measured 
as a reference to that of the ZnO/HZSM-5 composites in 
the same conditions.

3. Results and discussions

3.1. Photocatalysts characterization

3.1.1. XRD analysis

Fig. 3 depicts the recorded XRD patterns of the synthe-
sized ZnO/HZSM-5 nanocomposite with various loadings 
of ZnO and Table 1 summarizes the detailed structural and 
physicochemical properties of these materials. A glance at the 
XRD patterns reveals that the supported samples show ZnO 
and HZSM-5 peaks. The diffraction peaks, centred at 2θ = 
7.67, 8.61, 14.7, 23.1, 23.35, 23.72 and 23.96 confirmed the pres-
ence of HZSM-5 (JCPDS 00-044-0002) in tetragonal phase.  

Fig. 2. Experimental set-up for the photocatalytic reduction of 
hexavalent chromium.
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Fig. 3. XRD patterns of synthesized ZnO/HZSM-5 nanocompos-
ite with various ZnO loading.
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In addition, the appeared peaks at 2θ = 31.89, 34.55, 36.39, 
47.69, 56.77, 63.03 and 68.22 are assigned to ZnO (JCPDS 
01-076-0704) in hexagonal phase. With comparison of XRD 
patterns, it is observed that by gradually increasing the ZnO 
content over HZSM-5 structure, the peaks related to ZnO 
appear and obviously become sharper. In contrast, the inten-
sity of ZSM-5 peaks in the synthesized samples decreases. As 
shown in Table 1, the relative crystallinity of ZnO increases 
by increasing the ZnO content.

3.1.2. FESEM analysis

FESEM images of synthesized samples with  different 
ZnO loadings are presented in Fig. 4. As it can be seen, 
HZSM-5 sample has a coffin-shaped structure, in agree-
ment with that of HZSM-5 reported in the literature [38, 39]. 
By ZnO loading, tiny worm like particles were formed over 
the HZSM-5 structure. By further increasing the metal oxide 
content, the surface was covered with a greater amount of 
small nano-scale ZnO particles and thereupon, the presence 
of HZSM-5 particles was hardly distinguished. This reflects 
that relatively more HZSM-5 coverage, as a result of ZnO 
loading, decreases the relative crystallinity for HZSM-5 
phase compared with other ones which is in accordance with 
XRD results. Accordingly, it seems that the surface parti-
cles observed in the FESEM images of nanocomposites are 
mainly attributed to ZnO particles. A close examination of 
the FESEM results also revealed that the samples lean in ZnO 
content showed relatively open morphology and low num-
bers of agglomerations. It can be observed from these images 
that the synthesized catalysts have nanometric surface par-
ticles. Nanoparticles provide more reactive and reducible 
sites and result in a high catalytic performance of the com-
posite. Compared with pure ZnO particles, supported ZnO 
samples exhibit smaller particles. Increasing metal oxide 
content would result in higher numbers of active sites for 
the photocatalytic process. Nonetheless, irregular agglomer-
ations and considerable blocking of the support’s pores can 
be consider as the disadvantageous side effects of excessive 
loading of active component and may lead to worse catalytic 
performance. Therefore, it can be minimized by employing a 
proper ZnO loading.

 (a) HZSM-5

(b) ZnO (30%)/HZSM-5

(c) ZnO (40%)/HZSM-5

(d) ZnO (60%)/HZSM-5

(e) ZnO

ZnO
HZSM-5

Fig. 4. FESEM images of synthesized ZnO/HZSM-5 nanocom-
posite with various ZnO loading.

Table 1
BET specific surface area and ICP analysis of synthesized ZnO/HZSM-5 nanocomposite via various ZnO loading

Samples Synthesis method ZnO 
(wt.%)

Zn content 
(wt.%)

SBET (m2/g) Relative  crystallinity 
(%) 

ICP EDX ZnOa HZSM-5b

HZSM-5 Hydrothermal 0 0 0 372 – 100
ZnO (30%)/HZSM-5 Hydrothermal/impregnation 30 25.12 22.95 325.2 32.093 57.70
ZnO (40%)/HZSM-5 Hydrothermal/impregnation 40 31.2 29.23 295 57.66 45.65
ZnO (60%)/HZSM-5 Hydrothermal/impregnation 60 50.53 47.31 218 85.926 26.454
ZnO Impregnation 100 84.6 80.82 16 100 –
aDefined as relative intensity of XRD patterns at 2θ = 31.89, 34.55 and 36.39° based on the highly crystalline ZnO sample.
bDefined as relative intensity of XRD patterns at 2θ = 7.67, 796.67 and 233.102° based on the highly crystalline HZSM-5 sample.
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Fig. 5. EDX analysis of synthesized ZnO/HZSM-5 nanocomposite via various ZnO loading.
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3.1.3. EDX analysis

It is well known that the dispersion of supported zinc 
species is a major factor affecting the intrinsic activity of Zn 
containing photocatalysts. To determine the elemental com-
position, ensure the synthesis procedure and also assess the 
dispersion of Zn species in the synthesized samples, the EDX 
analysis was carried out. The EDX micrographs, including 
spectrums and Zn dot-mappings, were shown in Fig. 6. The 
EDX spectra demonstrate the existence of only Al, O, Si and 
Zn elements, confirming the absence of any impurities in 
the sample structure. Interestingly, the Zn content and Si/Al 
ratio of the synthesized samples obtained by the EDX spectra 
and the corresponding initial gel, given in Table 1, are close 
to each other. This is an additional evidence for the success-
ful synthesis and more importantly, the ability of HZSM-5 
support to uniformly disperse Zn species. Generally, the 
EDX dot-mapping results depicted that apt dispersion of Zn 
was attained for all supported samples as expected. A close 
examination of the EDX dot-mapping results reveals that the 
optimum percentage of loading for better dispersion of Zn is 
40%. In other words, increasing Zn content from 40% to 60% 
has decreased the dispersion of active metal oxide, which 
could be addressed by the appearance of agglomerations. 
That is to say, EDX of the investigated samples confirms that 
the catalytic process is affected by much higher dispersion 
of active component for ZnO (40%)/HZSM-5 compared with 
other ones.

3.1.4. TEM analysis

To have an insight into the nature and dimensions of the 
supported ZnO species, TEM analysis of the ZnO/HZSM-5 
nanocomposite with 40% loading of ZnO was carried out 
and illustrated in Fig. 8. The black dots on the bright back-
ground are particles of the metals oxide on the surface of 
the supports. Finely dispersed small ZnO species in the 
nanoscale on the external surface of zeolite crystals are the 
evidence for the ZnO(40%)/HZSM-5 composite. As it is 
observed, all the metal oxide particles less than 40 nm and 
Zn species over HZSM-5 are homogeneous and highly dis-
persed. This result is in close agreement with EDX analysis. 
In addition, a superior interaction between the support and 
the metal oxide particles can be concluded from the TEM 
micrographs which are responsible for controlling the size 
of Zn ensembles.

3.1.5. BET analysis

One of the most influential parameters of the heteroge-
neous photocatalysts is their specific surface area. Higher 
surface area facilitates the reactants adsorption and pro-
vides more active sites which are responsible for improv-
ing the photocatalytic performance. The BET surface area 
(SBET) of synthesized samples is listed in Table 1. Reported 
results in the literature show the surface area in the range of 
300–400 m2/g and 5–40 m2/g for HZSM-5 and ZnO, respec-
tively [40, 41]. As it can be seen, bare HZSM-5 and pure ZnO 
exhibited a surface area of 372 and 16 m2/g, respectively. The 
examination of obtained results reveals that upon addition 
of ZnO to bare HZSM-5, the surface area decreased depend-
ing on the ZnO loading. All ZnO containing samples have 
a smaller surface area in comparison with the bare support. 
This behaviour can be attributed to the deposition of zinc 
species into micro pores which partially blocks them. The 
loss of HZSM-5 crystallinity also supports this hypothesis. 
The surface area of ZnO-loading samples decreased gradu-
ally with increasing ZnO content up to 40%. However, the 
surface loss significantly occurred with further increase of 
the ZnO content. This can be justified by greater metal oxide 
loading and the appearance of agglomerations which is in 
accordance with FESEM images.

3.1.6. FTIR analysis

Fig. 7 indicates the FTIR spectrums of ZnO/HZSM-5 sam-
ples synthesized by various ZnO loading in a wide range of 
frequency 400–4,000 cm–1. This observation reveals that the 
FTIR patterns of synthesized composite have a similar trend 
in all contents of ZnO loadings and a significant change is 
not observed. The broad peaks at 3,616 and 1,551 cm–1 are 
attributed to interacting OH or to bridging OH groups 
[42, 43]. The other recorded peak at 1,551 cm–1 can be ascribed 
to physically absorbed water which means the nanocom-
posites adsorbed water in air [44, 45]. In addition, recorded 
peaks in the FTIR spectrum of HZSM-5 in the range of 400–
1,200 cm–1 wave number could be related to Si-O(Si) and 
Si-O(Al) vibration in tetrahedral or alumina- and silico-ox-
ygen bridges [46]. Meanwhile, the peak in the range of 400–
500 cm–1 can correspond to the stretching vibration of ZnO 
which might be overlapped with T-O stretching frequency 
(considered insensitive to zeolite structure) and therefore 
the overlap peak can be seen in this region [47]. It is worth 
mentioning that the zeolite structure does not change when 
a transition metal oxide cation enters into a zeolite structure 
and just some slight shifts occur at the peaks which can be 
seen by comparing spectrums [48]. These results confirm the 
sufficient loading of ZnO over HZSM-5 zeolite.

3.2. Photocatalytic performance of ZnO/HZSM-5 toward 
 reduction of Cr (VI)

3.2.1. Effect of ZnO loading on photocatalytic performance

The photo-reduction efficiencies of Cr (VI) by ZnO/H-
ZSM-5 composite containing different ZnO loadings under 
UV light irradiation are shown in Fig. 8. At the beginning 
of the UV irradiation, adsorption saturation was almost 
achieved, and thus the adsorption had little contribution 

 ZnO /HZSM-5

ZnO

ZnOHZSM-5

HZSM-5

Fig. 6. TEM images of synthesized ZnO/HZSM-5 nanocomposite 
containing 40 wt% ZnO.



175M. Haghighi et al. / Desalination and Water Treatment 58 (2017) 168–180

during the photo-degradation. The variation of ZnO content 
obviously indicates that 40 wt.% is the optimum content of 
ZnO in ZnO/HZSM-5 nanocomposites for the best photocat-
alytic performance. This could be expected according to char-
acterization results. The excessive loadings of ZnO alleviate 
the results in the significant decrease of surface area, appear-
ance of more number of agglomerations and surface cover-
age of HZSM-5 which alleviate the synergetic effect of ZnO. 
After 60 min of UV light irradiation, 87% of the initial Cr (IV) 
was photo-degraded by ZnO (40%)/HZSM-5 nanocompos-
ite, whereas 72% of the initial Cr (IV) was decomposed by 
unsupported ZnO. This superior performance is attributed 
to the higher surface area, better dispersion and smaller size 
of ZnO particles, less number of surface agglomerations and 
also high adsorption ability of HZSM-5.

3.2.2. Statistical study

The full factorial design was used to optimize and 
create the relationship between the responses (reduction 
of Cr (VI)) and the factors including UV light intensity 
(factor A), reaction time (factor B), pH (factor C) and Cr 
(VI) initial concentration (factor D). Analysis of variance 
(ANOVA) was investigated to further specify the most 
significant interaction effects of factors on the reduction 
of Cr (VI). The ANOVA analysis indicates the findings on 
the significance of the main interaction effects with a confi-
dence level of 95% (Table 2). Based on the ANOVA results, 
all of the main factors (A, B, C and D) were found to have 
significant effects on the reduction of Cr (VI). Considering 
the F-values that determine the order of the major factor 
effect, it can be seen that the main factors have positive 
effects on the Cr (VI) reduction. Meanwhile, the initial 
concentration of Cr (VI) is the most important parameter 
 (F-value = 655.70) compared with other main factors and 
interactions on the response. Ironically, the two main fac-
tors of pH and reaction time indicated a significant inter-
action (p < 0.05) with F0 value 41.73. This means that the 
effect of reaction time on reduction of Cr (VI) depends 
on the levels of pH values. In addition, ANOVA results 
indicate the statistically significant effect of main factors 
and some of the interactions with p-value less than 0.05. 
Finally, the proportional model of Cr (VI) reduction was 
calculated by the coefficient of determination R2 (Table 2). 
The high value of F0 (94.9283) also confirms the signifi-
cance of the proposed model.

3.3. Contribution of each parameter on reduction of Cr (VI)

3.3.1. Effect of pH on Cr (VI) photo-reduction efficiency

In the photocatalytic process, increasing pH value 
enhances the conversion of Cr2O7

2– to CrO4
2– as predomi-

nant species, resulting in lower reduction of Cr (VI). The 
pHZPC (zero-point charge pH) of ZnO is 8.3. In pHZPC, the 
catalyst surface by positive and negative charges is equally 
affected. It seems that a layer of ZnO particles has formed 
around the HZSM-5 and hence pHZPC of the composite is 
about 8.3. Therefore, with decreasing pH to less than pHZPC, 
the catalyst surface is charged positively (due to specific 
adsorption of H+ ions) and facilitates the reduction pro-
cess. On the other hand, when the pH > pHZPC, the surface 

 

Fig. 8. Effect of different ZnO loading on photocatalytic 
 performance.

Fig. 7. FTIR spectra of synthesized ZnO/HZSM-5 nanocomposite 
via various ZnO loading.
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of the catalyst is negatively charged. Hence, the reduction 
efficiency decreases [9, 11, 49]. Fig. 9 illustrates the influ-
ence of pH value on the Cr (VI) photo- reduction process. 
The change in pH has an important effect on the Cr (VI) 
reduction and its residual concentration as decreasing 

pH will increase the removal rates of Cr (VI). Similar 
 observations were reported before by Jing and Dipti [5, 
50]. As shown in Fig. 9, the removal of Cr (VI) was ~100% 
at pH ≤ 3. Then, the removal of Cr (VI) decreased slowly 
to ~90% as pH value increased to 5 and then only ~60% 
Cr (VI) was removed when the pH value increased to ~7. 
Generally, the removal of chromium with changes in pH 
value occurs following these reactions [51]:

(1) At acidic conditions

Cr O H Cr H O2 7
2

214 6 2 7− + −+ + → ( ) +e III  (1)

(2) At Neutrals conditions

Cr O H e Cr H O2 4
2

28 3 4( ) ( )− + −+ + → +III  (2)

(3) At Alkaline conditions

Cr O H O e Cr OH OH2 4
2

2 34 3 5− − −+ + → +( )  (3)
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Fig. 9. Effect of different parameter on photocatalytic perfor-
mance.

Table 2
Analysis of variance for Cr (VI) photo-reduction efficiency

Source Degrees of freedom Sum of squares Mean square F0 P-value

A 1 1,996.91 1,996.91 273.92 0.000
B 2 7,505.90 3,752.95 514.79 0.000
C 2 7,638.53 3,819.27 523.89 0.000
D 3 14,340.66 4,780.22 655.70 0.000
A.B 2 203.94 101.97 13.99 0.001
A.C 2 203.63 101.82 13.97 0.001
A.D 3 156.65 52.22 7.16 0.005
B.C 4 1,216.87 304.22 41.73 0.000
B.D 6 412.13 68.69 9.42 0.001
C.D 6 467.35 77.89 10.68 0.000
A.B.C 4 116.44 29.11 3.99 0.028
A.B.D 6 13.77 2.30 0.31 0.0917
A.C.D 6 11.29 21.88 3.00 0.050
B.C.D 12 78.29 6.52 0.89 0.575
Error 12 87.48 7.29
Total 71 34,569.85
Standard deviation 
2.7004

R2 99.75% R2 (adjusted) 98.50%

Proposed model information for Cr (VI) reduction efficiency and analysis of variance for testing its significance

(A) The proposed model information

Cr (VI) reduction (%) = 31.2886 + 0.15438A + 1.35117B – 1.68329C – 0.829621D + 0.00417853AB – 0.013717AC – 0.00471543AD – 
0.115274BC – 0.0119687BD + 0.0588034CD – 0.000437809ABC + 0.000454373ACD
Standard deviation = 5.37149, R2 = 95.08%, R2 (adjusted) = 94.07%

(B) The analysis of variance for proposed model
Source Degrees of freedom Sum of squares Mean square F0 P-value
Regression 12 32,867.5 2,738.96 94.9283 0.000
Error 59 1702.3 28.85
Total 71 34,569.8
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3.3.2. Photocatalytic reduction of Cr (VI) at different Cr (VI) 
initial concentrations

Photocatalytic reduction of Cr (VI) at T = 20 ± 1°C at 
different Cr (VI) initial concentrations is shown in Fig. 9. 
As it can be seen, the Cr (VI) removal efficiency strongly 
depends on initial chromium concentration. With increas-
ing the Cr (VI) concentration, the reduction rate of chro-
mium gradually decreases. With a fixed ZnO/HZSM-5 
dose, the increased chromium concentration results in 
more adsorption of Cr (VI) ions to ZnO/HZSM-5 composite 
which can cause the total available adsorption sites to be 
restricted [9, 52, 53]. Moreover, increasing concentration of 
the chromium has an inhibitor role to reach UV irradiation 
to the catalyst surface [12]. This claim has been confirmed 
by Young and Quanping [54, 55]. As shown in Fig. 9, the 
photocatalytic reduction of Cr (VI) was decreased from 
~100% to nearly 57.7% with increasing the initial Cr (VI) 
concentration from 10 to 40 mg/L after 60 min.

3.3.3. Effect of illumination time and UV light intensity

Fig. 9 displays the Cr (VI) reduction by ZnO/HZSM-5 
nanocomposite when intensity of UV illumination is varied 
from 24 to 125 W. It can be seen that with increasing the UV 

light intensity and illumination time, the reduction rate of 
Cr (VI) increases. This event has been reported by Te Hsu 
and Shing previously. It is attributed to more electron-hole 
pairs which are produced under higher illumination inten-
sity. Hence, more electrons will be available for reduction of 
chromium [56–58]. The reduction rate of Cr (VI) was ~100% 
within 60 min under the illumination intensity of 125 W 
which decreased to ~84% with decreasing UV intensity to 
24 W. On the other hand, the reduction rate of chromium 
increased quickly from ~54% to nearly 100% with increasing 
the illumination time.

3.4. Photocatalytic performance comparison of different catalysts 
evaluated for the Cr (VI) photo-reduction

To evaluate better, the synthesized composite better and 
ensure its performance, the photocatalytic activity was com-
pared with those reported in the literature. Table 3 indicates 
the different composites evaluated in the Cr (VI) photo- 
reduction in aqueous solution. The percentage of Cr (VI) 
reduction is a suitable criterion to compare the obtained 
results in cited literature in order to ascertain the syner-
getic effect of employing composite. According to the activ-
ity information and conditions of experiments, which were 
listed in Table 3, ZnO/H-ZSM-5 composite seems to have 
the appropriate performance towards Cr (VI) photo-reduc-
tion. In addition, considerable activity was found over TiO2/
Chitosan, ZnO/Kaoline, Fe2O3/clay and ZnO/Graphene com-
posites. However, the reaction time and light intensity of the 
two latter composites are greater and it can improve the effi-
ciency of the process. In addition, despite having better oper-
ational conditions, the TiO2/diatomite composite had lower 
efficiency.

3.5. Plausible reaction pathway of Cr (VI) photo-reduction over 
ZnO/HZSM-5

The photo-reduction of Cr (VI) occurs following two 
main steps: First, Cr (VI) is adsorbed on H-ZSM-5 and the 
reaction occurs slightly on its surface. Then, Cr (VI) and its 
intermediates transfer to the ZnO surface to carry on pho-
tocatalytic reaction. According to the mentioned steps, var-
ious factors can be important in photo-reduction of Cr(VI) 
by ZnO/H-ZSM-5 nanocomposite: (a) The large specific 
area of adsorbent which adsorbs Cr (VI) molecules and 

Table 3
Photocatalytic performance of different catalysts for the photo-reduction of Cr (VI)

Composite Concentration Time (min) Light intensity (W) pH Dose Removal (%) Reference

ZnO/HZSM-5 10 mg/L 60 125 3 0.8 g/L 98.2 Present work
ZnO/Graphene 10 mg/L 240 500 – 1 g/L 96 [61]
ZnO/Kaoline 30 mg/L 120 125 4 1 g/L 88.3 [64]
ZnO/CuO – 60 20 4.6 – 55 [65]
Fe2O3/Clay 50 ppm 300 200 2 1 mg/ml 95 [11]
TiO2/Chitosan 50 mg/L 60 32 2 100 mg 91.4 [62]
ZnO 15 mg/L 120 125 7 1 g/L 78 [66]
S-ZVIN 100 mg/L 90 - 3 – 88.44 [67]
TiO2/diatomite 10 mg/L 180 300 2.1 2 g/L 57.83 [56]

Fig. 10. Schematic diagram of ZnO/HZSM-5 nanocomposite 
mechanism under UV light for photocatalytic reduction of Cr (VI).



M. Haghighi et al. / Desalination and Water Treatment 58 (2017) 168–180178

creates active sites for photocatalytic reaction; (b) quick 
transfer of adsorbed molecules from H-ZSM-5 to ZnO, 
which this process accelerates with increasing the surface 
of adsorbent; and (c) the performance of ZnO in photocat-
alytic reaction [59, 60]. On the other hand, the high perfor-
mance of the ZnO/H-ZSM-5 composite in photo-reduction 
of Cr (VI) can be attributed to the coordination between 
H-ZSM-5 and ZnO that H-ZSM-5 has large specific area 
and ZnO, due to its position of valence band, has strong 
photo-generated holes [15, 59]. In addition, the surface 
modification of ZnO using H-ZSM-5 leads to high electron 
mobility and suppresses the electron-hole recombination 
which causes a decrease in the photo-reduction of Cr (VI) 
[61]. The followings are the suggested reactions responsi-
ble for the photo-reduction of Cr (VI) using ZnO/H-ZSM-5 
composite.

During the photocatalytic process, ZnO semiconduc-
tor adsorbs photon and promotes of an electron from the 
valance band to the conduction band and produces an 
electron-hole pair (Eq. (4)). Recombination of photo-gener-
ated electrons and hole may occur (Eq. (5)). Photoelectrons 
transfer to H-ZSM-5 and electron-holes pairs are sepa-
rated (Eq. (6)). Photoelectrons can reduce Cr (VI) to Cr (III) 
(Eq. (7)) [26, 62, 63].

ZnO h ZnO h eVB CB+ → ++ −υ ( )  (4)

e h heat− ++ →  (5) 

ZnO h e HZSM ZnO h HZSM eVB CB VB CB
+ − + −+( ) + − → ( ) + −5 5( ) (6) 

Cr O H e Cr H O2 7
2 3

214 6 2 7− + − ++ + → +  (7)

4. Conclusions

In this study, a series of ZnO/H-ZSM-5 nanocomposite 
with different contents of ZnO loading were successfully 
synthesized via impregnation method for photo-reduction 
of Cr (VI). The EDX and XRD results confirmed the correct 
formation of ZnO/H-ZSM-5 composite. TEM analysis indi-
cates dispersion of nanoscale ZnO on the external surface of 
zeolite. Moreover, activity tests illustrated that the sample 
with the 40% ZnO loading had the best performance in pho-
to-reduction of Cr (VI). Most of all, the excellent performance 
of composite in reduction of Cr (VI) could be attributed to 
(a) huge specific surface area of H-ZSM-5, (b) synergic effect 
between ZnO and H-ZSM-5 and (c) effective separation of 
electron-hole pairs and reduction of their recombination rate. 
Finally, the results approve that ZnO/H-ZSM-5 with ~98.2% 
reduction of Cr (VI) in optimum conditions is an efficient and 
proper catalyst for controlling Cr (VI) pollution in water and 
wastewater.
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