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In this research, a synthesized nano photocatalyst was prepared by supporting
Zn0O nanoparticle on Lightweight expanded clay aggregate (LECA). The catalyst
was synthesized by co-precipitation method. The SEM, FT-IR and XRD tests
were used to characterize ZnO/LECA, which was employed for photocatalytic
removal of Cr (VI) from aqueous solution in batch photoreactor. The full
factorial experimental design (FFD) was used for the statistical analysis of data.
The influence of catalyst amounts, pH, and initial concentration of Cr (VI) was
investigated on the reduction of Cr (VI) to Cr (lll). The number of active sites was
increased with an increase in the concentration of catalyst to some extent. Also,
the selection of other factors in optimized amount was important. The optimal
conditions were obtained at 0.75 g/l of photocatalyst, pH at 5 and 20 mg/I of
Cr(VI). The experimental and predicted reduction efficiency by FFD at optimal
conditions were 97.6 and 96.18%, respectively. The comparison of experimental

and predicted data showed a good agreement between them.
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INTRODUCTION

The Cr (VI) is a poisonous pollutant in various
industrial sewages and it has toxic activity in many
organisms [1-2].It is a carcinogenic material in
humans. Chromium is generally applied for several
industrial purposes, including metal processing,
industrial plating, leather and textiles [3-5]. The
fate of chromium in the environment is related to its
chemistry. The Chromium exists in the wastewater
in both Cr(III) and Cr(VI). So, the reduction of
Cr(VI) to Cr (IIT) is highly essential to diminish the
toxicity of chromium and hinder its mobility[6-7].

Various methods exist for Cr(VI) removal,
including chemical reduction, adsorption in
adsorbent materials, ion exchange, reduction of
microorganisms and photocatalytic degradation
(8-12].

Amongthetreatment process, the photocatalytic
is a suitable method for removal of Cr(VI) in an
* Corresponding Author Email: aref.shokri3@gmail.com

aqueous solution. These methods are based on the
electron-hole mechanism [13-14]. By radiation,
the electrons were transferred from the valence
band to the conduction band and the electrons in
conduction band and holes in the valence band are
formed. The electrons in the conduction layer can
reduce the Cr(VI) to Cr(III). The photo catalytic
reduction of Cr(VI) can be happened by various
semiconductors, including TiO,, ZnO, CdS and
WO,[15].

Some researchers have studied that the
properties of Zinc oxide including insolubility in
water, high chemical stability, non-toxic and low
cost are suitable for the photo catalytic reduction
process. Zinc Oxide is a semiconductor with high
photocatalytic efficiency because its optical band
gap is 3.37 eV, and its activity can be increased
by many methods such as doping by metals and
supporting zeolites [16-17]. The grains of LECA
are lightweight, inert chemically, spongy in the
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Table 1. Experimental range and Levels of the variables

Range and levels

Variables

-1 0 +1
pH 3 5 7
Cr(VI) (mgL™) 20 40 60
Catalyst Amounts _ - -
. 0.25 0.75 1.25
(gL™)

core, neutral pH and insoluble in water [10]. The
modified states of LECA were used as suitable
adsorbents for the removal of contaminants [18].

To optimize the photo catalytic removal
process, it is necessary to study all factors affecting
the process. Full factorial design of experiment
(FFD) is a suitable method in DOEs, therefore it
could reduce the number of experiments and also
optimize the process by optimizing all influencing
variables. The design could define the effect of each
variable on the response and how this result differs
with the change in the level of other variables [19].

In this work, the reduction of Cr(VI) by ZnO
supported on mineral LECA in aqueous solution
was studied. The three factors and three levels of
full factorial experimental design was used in
photo catalytic removal of Cr(VI). The influence of
some operational parameters such as the amount of
photo catalyst, initial concentration of Cr(VI) and
pH was investigated on the removal of Cr(VT).

EXPERIMENTAL
Materials

All materials including Potassium dichromate,
Sulfuric acid and Sodium hydroxide, Zinc acetate
(Zn(CH,CO0),.2H,0), and Urea were purchased
from the Merck Company (Germany) without
further purification. 1, 5-diphenylcarbazide (Merck,
purity 98%) was employed as a colorimetric reagent
to define the concentration of Cr(VI). Distillate
water was used in this study.

Catalyst preparation

At first the ZnO nanoparticles were synthesized
based on the procedure described in our
previous work [20], and then the ZnO/LECA was
synthesized through co precipitation method.
About 2 g of LECA powder was added to 25 ml of
zinc oxide solution and then it was stirred for 2 hr.
Then 25 ml of urea solution (2.0 M) was added to
the mixture at a temperature of 90-95°C and put
in a water bath for 6 hr. The mixture was passed
through filter paper and the precipitates were dried
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at ambient temperature. Sediments were placed in a
furnace at 350°C for 3 hr and then the ZnO/LECA
was synthesized.

General procedure

A batch Pyrex reactor with 1000 ml capacity
was placed in a wooden box. At the top of the box,
three mercury lamps (Philips 15W) were placed
as UV light sources. The radiation was performed
at 254 nm. These lamps were set up with the
same intervals, so the liquid surface was radiated
uniformly inside the reactor. A magnetic stirrer
agitated the liquid inside the reactor and the air
inside the box was ventilated via a fan. For each test
(Table 1), 1000 ml of Cr (VI) solution was made
at a specified concentration and poured into the
reactor.

The Photo catalytic tests were executed by
changing the solution pH (3, 5, 7), the amount of
catalyst (0.25, 0.75, 1.25 mg/l), and initial Cr (VI)
concentration (20, 40, 60 mg/L). Also, the solution
pH in the range of 3 to 7 was measured by a pH
meter (Schotttitroline TE96) via the addition of
NaOH (0.01N) or HCI (0.01N) solutions.

The suspensions of ZnO/LECA were
equilibrated in the dark for 30 min. After the
equilibration time, the UV lamp was turned on and
the samples were withdrawn from the reactor. All
tests were performed at a fixed temperature (25°C)
for 60 min.

Sampling was performed by a 5 ml syringe every
10 min. The samples were centrifuged at 4,000
rpm for 10 min to separate the catalyst particles.
The concentration of Cr(VI) was explored using a
spectrophotometer (Perkin Elmer Lamda 25) at a
wavelength of 349 nm.

The concentration of Cr(VI) was determined as
a function of time as the following (Eq. 1):

Cr(VI)], =[Cr(VD)]
e W

Cr(VI)Removal(%) = ([

Where [cr(VD)] and [Cr(VI)] are the
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concentration of Cr (VI) at t=0 and t, respectively.

Full factorial Experimental Design

The photocatalytic efficiency of ZnO/LECA
in reducing Cr(VI) to Cr(III) was investigated
using FFD. The experiments were designed due
to the three variables, including pH, the initial
concentration of Cr(VI) and catalyst amount at
three levels. The experimental range and levels
of variables are shown in Table 1. About 27

experiments related to this factorial design and
their experimental conditions have been presented
in Table 2. The range of variables was selected based
on the preliminary experiments and previous
studies.

RESULTS AND DISCUSSION
Characterization of the synthesized ZnO/LECA
XRD analysis

The XRD test was performed by a D-5000,

Table 2. The three-factor full factorial design pattern and the response function.

B: Initial Con. of

Cr(VID)
C: Catalyst Amounts

Run No. A: pH Cr(VI) . Removal Efficiency (%)
{mg.L") (817
Actual Predicted
1 3 20 .25 60.0 59.2259
2 7 20 .25 49.1 49,0259
3 5 650 .75 60.2 62.0148
4 7 40 .25 38.0 37.6481
5 3 650 .75 50.0 49.4926
6 7 o0 0.75 36.0 34.6926
7 7 650 1.25 27.0 27.8815
] 5 40 .25 74.0 73.9704
9 7 20 1.25 57.3 56.3815
10 7 40 1.25 44,0 44,0370
11 7 20 .75 62.0 62.9926
12 3 o0 1.25 43.0 43,1148
13 5 40 1.25 79.0 79.4259
14 3 40 1.25 55.5 55.0370
15 5 20 .25 84.6 85.4481
16 7 o0 .25 24.0 24,4259
17 3 20 .75 72.6 73.0259
18 3 40 0.75 59.3 59.3815
19 5 20 .75 97.6 96.1815
20 7 40 0.75 48.5 48.8148
21 5 60 .25 55.8 54.9815
22 3 60 .25 39.0 39.3926
23 5 40 .75 82.3 81.9037
24 3 40 .25 48.0 48.3815
25 5 20 1.25 913 91.8704
26 5 60 1.25 58.5 57.5037
27 3 20 1.25 66.5 66.8481
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Fig. 1. The XRD pattern of the LECA and ZnO/LECA.
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(b) ZnO/LECA

Fig. 2. SEM results of ZnO and ZnO/LECA.

Siemens diffractometer using Cu-Ka radiation
(A=1.5406 A) coupled with an X-ray tube worked
at 40 mA and 30 kV.

Fig. 1 shows the XRD pattern of the synthesized
ZnO/LECA. This pattern illustrates that the
characteristic peaks in accordance with the
LECA were well appeared and it means that the
synthesized ZnO/LECA crystals were well-formed
[21-22]. The distinct peaks of LECA have occurred
well, which indicates that ZnO was stable during
the supporting process and it is in agreement with
results [23]. The ZnO/LECA particle size was
calculated using the Deby-Scherrer equation as the
following (Eq.2):

094

- B Cosé )
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Where K equals 0.9 and f is the Perfect Width
at Half- Maximum (FWHM) of the peak, A is the
wavelength of X-ray used | 55c%and 6 is the
Bragg angle. Based on Eq.1, the average particle
size of ZnO/LECA was 41.82 nm.

FESEM analysis

The field emission scanning electron
micrograph (FESEM), Hitachi S-4160 model from
Japan, was used for the determination of ZnO/
LECA. The SEM images of the LECA with and
without supporting ZnO particles were presented
in Figs.2. It can be observed that the LECA grains
had numbers of pores with different sizes and the
surfaces were not fully smooth. The LECA voids
were agglomerated with ZnO particles. The result
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Table 3. Analysis of the variance for the quadratic model.

Source DF AdjSS Adj MS F-value p-value
Model i8 9097.25 505.40 273.71 0.000
A-pll 2 5036.41 2518.21 1363.79 0.000
B- [Cr(VI}](mg/1} 2 3412.67 1706.33 924.10 0.000
C- [Calalyst]{mg/) 2 512.19 256.09 138.69 0.000
AB 4 107.36 26.84 14.54 0.001
AC 4 10.41 2.6 1.41 0.314
BC 4 18.21 4.55 2.47 0.129
Error 8 14.77 i.85
Correcled Tolal 26 9112.62
R? $9.84%
Adjusled R 99.47%
Predicted R? 98.15%
N 1.35885

of our study is in contrast with the findings of
Shariefnia et al.[24].

The morphology of the LECA surface showed
that it has good structural properties and can be
considered catalyst support. In other words, the
pores on the surface of this support can perform
a suitable condition to support ZnO nanoparticles.

FTIR analysis

As it can be seen from Fig. 3, the FTIR spectra of
the LECA, ZnO/LECA logged in the range of 400 to
4000. The FTIR spectra of LECA shown that there
is a difference in the band intensities in the region
of 3500 cm™, which originates from the hydroxyl
groups on the surface of LECA. The bands detected
at 900-1200 cm™ are related to the Si-O vibrations.
The peaks at about 800 to 900 cm™ match with the
Si-O-Al, AI-OH-Al and AlI-OH-Zn groups. The
observed peak at 1700 cm™ is related to the physical
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adsorbed water. For ZnO/LECA spectra, the band
about 600 cm™ relating to the Zn-O metal oxide
bond and the peaks at about 1500 cm™! relate to the
C-O bonds. The band at 1600 cm™ is allocated to
O-H bending vibrations. The peaks at about 1000
cm”’ match with the Al-OH-Zn groups. It was
clear that when ZnO is settled over LECA, thereisa
dissimilarity in the intensity of peak between LECA
and ZnO/LECA, signifying that ZnO particles have
been efficiently covered on the surface of LECA.

Experimental Design and Statistical Analysis

The experimental design matrix and the actual
and predicted values of the response were presented
in Table 2. It was clear that a good uniformity exists
between the predicted values by the model and the
actual values in the experiments.

The analysis of variance is shown in Table
3. The model F-value of 273.71 proposes that
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Fig. 4. Effect of initial Cr(VI) and catalyst concentration.

the model is significant. Note that there exists
only a 0.00% chance that this large F-value could
arise due to noise [25-26]. The model terms are
called significant part, where the corresponding
probability values (p-values) are lower than 0.0500.
The p-values higher than 0.1000 denotes that the
model terms are insignificant.

To predict the response for known levels of
each parameter, the final equation can be applied
in terms of code parameters. Accordingly, the high
and low levels of the parameters are coded as +1
and -1, respectively. The coded equation helps
detect the relative effect of the parameters on the
response by comparing the parameter coeflicients.
As given in the coded equation, the coefficients
of A, C A% B’ and C? are greater than the other
factors/interactions, which depict that these factors
have a higher influence on the response value. The
equation in terms of actual factors can predict the
response, where the levels should be specified in the
original units for each factor. The slight difference
between the Predicted R* (0.9815) and Adjusted R?
(0.9947) is less than 0.2, indicating that there is a
reasonable agreement between them.

Photo catalytic mechanism

Under UV irradiation, the pairs of electron-
holes produced at the surface of ZnO/LECA(Eq.3).
After the separation of the electron-hole pairs, the
Cr(VI) was reduced to Cr(III) by electrons(Eq.4),
and the holes might lead to the production of O,
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in the absence of organics[27]. The reduction of
Cr(VI) to Cr(III) by a photo catalytic process can
be proposed through the following mechanism:

ZnO/LECAiZnO/LECA(eEB +hyy) ®3)
Cr,0F +14H" +6e” —2Cr* +7H, 0 (4)
Cr,07” +14H,0+3¢ —>Cr(OH ), +50H" (5)
2H,0+4h), — O, +4H* (6)
H,0+hj,—>OH +H" (7)

The reduction reagents are significant to remove
Cr(VI) as an oxidative contaminant. The reduction
of Cr(VI) with hydrogen peroxide results in Cr(III)
(Eq.8) [28-29].

Cr(VI)+H,0,+H" —Cr(lll)+H,0+0, (8)

Effect of initial Cr(V1) concentration

As shown in Fig. 4, the removal efficiency of
Cr (VI) was decreased with increasing its initial
concentration. The absorption of light beams in
the solution was increased with an increase in the
concentrations of potassium dichromate. Therefore,
the light that can reach the photo catalyst surface
is reduced and the efficiency of the process was
decreased [30]. In another word, the absorbance
of the solution was enhanced to increase in the

J. Nanoanalysis., 8(3): 167-175, Summer 2021
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Fig. 5. Effect of pH and catalyst concentration.

concentration of K,.Cr,O, and a higher portion
of the UV radiation is diverted before it touches
the surface of the ZnO/LECA, thus falling the
conversion of Cr (VI). Similar phenomena were
reported formerly by Preethia et al., [31]. It should
be noted that, for a fixed dosage of catalysts, the
entire existing active sites were restricted, therefore
leading to a decline in reduction of Cr(VI) with its
increased initial concentration from 20 to 60 mg/L.
Also, the extent of available electron-hole pairs
was restricted to get a high reduction of Cr(VI) at
its increased initial concentration. Based on the
experimental results, 20 mg/L was set as optimum
Cr(VI) concentration.

Effect of catalyst concentration

By increasing the amounts of ZnO/LECA
photocatalyst, the removal of Cr(VI) was increased
because under UV radiation, the formation
of electron-hole pairs in the structure of the
catalyst was increased. Increasing the amount
of catalyst improves the capture of UV radiation
by nanoparticles and the percent of reduction
of Cr(VI) rises[32]. It is clear from Fig.5 that, as
the dosage increases from 0.25 to 0.75 mg/l, the
reduction efliciency of Cr(VI) was enhanced due
to the increase in the active sites and the number
of photons adsorbed and subsequently increased in
the adsorption of Cr(VI) and reduction to Cr(VI).
Afar 0.75 mg/l of catalytic dosage, the proportion
of photo-reduction has not been improved
considerably and this may be due to the fact that
this dosage level may be sufficient for reducing the
Cr(VI) concentration tested.

J. Nanoanalysis., 8(3): 167-175, Summer 2021
[@)er |

Effect of pH

The photocatalytic removal of Cr(VI) was higher
in acidic pH since the removal reaction in acidic
solution was performed well. Moreover, electrons
in the conduction bond (ecs) of catalyst area can
reduce molecular oxygen to superoxide anion
[33]. Therefore, the pair of hydrogen peroxide and
oxygen is formed in an acidic solution and Cr(VI)
reduces by Hydrogen peroxide.

High removal of Cr(VI) was occurred at lower
pH, because of an enhanced potential difference
between the conduction band of Cr(VI)/Cr(III) and
ZnO/LECA as well as the anionic-type adsorption
of Cr(VI) onto the catalyst surface. As previously
discussed by other researchers, the potential
difference between the conduction band of catalyst
and the Cr(VI) is a thermodynamic driving force
for the reduction of Cr(VI) [34].

The influence of pH on the photocatalytic
reduction of Cr (V1) is different from the results of
adsorption studies. Perhaps, the removal of Cr(VI)
in basic and acidic conditions happens through the
following reactions [35]:

H,CrO, <> H" + HCrO, )
HCrO, <>H" +Cro;” (10)
2HCrO; «<>2H,0 +Cr,0>" (11)

But, the photocatalytic reduction of Cr(VI)
to Cr(III) creates hydroxyls in alkaline solution
and consumes protons in acidic solution. So the
reduction percentage of Cr(VI) to Cr(III) drops
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Fig. 7 Comparison between experimental results and predicted values in FFD.

with increasing pH. As it is possible to consider by
Eq. (12), this species needs three moles of electrons
and seven moles of protons to reduce one mole of
hexavalent chromium

HCrO, +TH" +3e” <>Cr’* +4H,0 (12)

An appropriate pH range for the reduction of
Cr(VI) using ZnO was between 4 and 8, since the
pH values of groundwater and soil were generally
between 5 and 9 [35], so ZnO/LECA may be
employed in reduction of Cr(VI) polluted aqueous
solutions in a broader range of pH. The catalyst
dissolves in acidic and basic solutions and high pH
is damaging reduction reagents.

The comparison of experimental results and the
predicted amounts by the FFD are shown in Fig.
6. The correlation coefficient (R?) is a quantitative
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standard for calculating the correlation between
the predicted values and the experimental data. The
value of R? = 0.99 shows the good agreement and
the relationship between the experimental and the
predicted data by the full factorial.

The difference between the predicted and
experimental response values is called as the
residual values, which was calculated to examine the
validity of the model. The dispersion of the residual
values was shown in Fig. 7. The linear nature of the
plot showed that the model is considered correct.

CONCLUSIONS

In this study, the ZnO was supported on LECA
as a synthesized nano photocatalyst and it was used
to reduce Cr(VI) to Cr(III) in an aqueous solution
through a batch photo reactor. The SEM, FTIR and
XRD patterns were used for the characterization
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of ZnO/LECA. The FFD was used for statistical
analysis of data. The influence of catalyst amounts,
pH, and initial concentration of Cr (VI) were
investigated on the reduction percent of Cr (VI)
to Cr (III). High removal of Cr(VI) was occurred
at lower pH, because of an enhanced potential
difference between the conduction band of Cr(VI)/
Cr(III) and ZnO/LECA as well as the anionic-type
adsorption of Cr(VI) onto the catalyst surface.
The optimal conditions were obtained at 0.75 g/l
of photo catalyst, pH at 5 and concentrations of
Cr(VI) at 20 mg/1. The experimental and predicted
reduction efficiency by FFD at optimal conditions
was 97.6 and 96.18%, respectively.
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