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Abstract: Among chemical water pollutants, Cr(VI) is a highly toxic heavy metal; solar photo-
catalysis is a cost-effective method to reduce Cr(VI) to innocuous Cr(III). In this research work, an
efficient and economically feasible ZnO/CuO nanocomposite was grafted onto the polyester fabric
ZnO/CuO/PF through the SILAR method. Characterization by SEM, EDX, XRD, and DRS confirmed
the successful grafting of highly crystalline, solar active nanoflakes of ZnO/CuO nanocomposite
onto the polyester fabric. The grafting of the ZnO/CuO nanocomposite was confirmed by FTIR
analysis of the ZnO/CuO/PF membrane. A solar photocatalytic reduction reaction of Cr(VI) was
carried out by ZnO/CuO/PF under natural sunlight (solar flux 5–6 kW h/m2). The response surface
methodology was employed to determine the interactive effect of three reaction variables: initial
concentration of Cr(VI), pH, and solar irradiation time. According to UV/Vis spectrophotometry,
97% of chromium was removed from wastewater in acidic conditions after four hours of sunlight
irradiation. ZnO/CuO/PF demonstrated reusability for 11 batches of wastewater under natural
sunlight. Evaluation of Cr(VI) reduction was also executed by complexation of Cr(VI) and Cr(III)
with 1, 5-diphenylcarbazide. The total percentage removal of Cr after solar photocatalysis was carried
out by AAS of the wastewater sample. The ZnO/CuO/PF enhanced the reduction of Cr(VI) metal
from wastewater remarkably.

Keywords: chromium (VI) reduction; ZnO/CuO/PF photocatalytic membrane reactor; response
surface methodology

1. Introduction

Water is a basic requirement for all life forms on earth, but availability of fresh water
is limited due to the poor management of industrial wastewater that is directly discharged
into waste streams without any treatment [1]. This contaminated water can be reused for
cultivation and drinking purposes after passing through effective treatment in order to
overcome this great issue [2]. In industrial wastewater, the major environmental pollutants
that adversely affect the ecological food chain are heavy metals [3]. A number of heavy
metals such as chromium (Cr), nickel (Ni), lead (Pb), cadmium (Cd), mercury (Hg), zinc
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(Zn), silver (Ag), and copper (Cu) are present in wastewater, making it poisonous for all
life on land [4].

Cr(VI) is highly toxic heavy metal because it does not require a specific membrane
carrier; it can penetrate through the cell membrane [5], which ultimately causes the ox-
idation of biological molecules. Cr(VI) can affect plant growth as it can accumulate in
the plant body through its roots, reducing the process of photosynthesis [6]. Moreover,
Cr(VI) highly affects the enzymatic and biological plant systems, such as in barley, wheat,
maize, and vegetables and in cauliflower, it causes chlorosis and necrosis [7]. It can disturb
the ecological food chain, as eating plants polluted plants chromium can cause diarrhea,
nausea, lung tumors, and headaches in human beings; thus, wastewater treatment for
chromium removal is essential for human and plant growth [8]. Some processes are gener-
ally used for the treatment of wastewater, such as membrane filtration, biodegradation, ion
exchange, electrolysis, sorption, and coagulation [9,10]. However, these methods consume
a high amount of energy, have a high sensitivity and high cost, and produce sludge during
operation [11].

Solar photocatalysis is an advanced oxidation process that is broadly used for elimi-
nation of micropollutants from wastewater as it is highly cost-effective, easy to execute,
and provides better removal efficiency for pollutants [12]. Currently, wastewater is widely
treated by photocatalysis using a number of semiconductor nanomaterials, but their work-
ing efficiency can be enhanced by fabricating their composites. ZnO/CuO nanocomposite
is one of the best nano-photocatalysts due to its low cost, environmentally friendly nature,
enhanced photocatalytic activity, and higher chemical reactivity. Furthermore, ZnO is
an n-type semiconductor having a wide band gap (3.37 eV) [13–15] and CuO is a p-type
semiconductor having a narrow band gap (1.7 eV) [16]. On combining p-type CuO with
n-type ZnO, the nanocomposite improves the photocatalytic activity in the visible region
of the solar spectrum by enhancing electron–hole pair generation [17–19].

In heterogeneous photocatalysis, a photocatalyst is used in suspension as a slurry
reactor, but it is not suitable for separation, reuse, and regaining of the photocatalyst for
the treatment of the next batch of polluted water [14,20,21]. This can be overcome by
immobilizing the photocatalyst onto a substrate such as glass, ceramics, or fabric-based
membranes. Among the different substrates, membrane technology is the most widely used;
so far, the reported membrane materials include polyamide, polyurethane, polyethylene,
and polyacrylonitrile [22]. Polyester-based membranes are a good choice in membrane
technology due to having the characteristics of high strength, high durability, quick drying,
strong resistance against chemicals, no shrinking, no stretching, being wrinkle- free, and
a hydrophobic nature [23]. Therefore, we used a polyester membrane as substrate for
grafting a thin film of ZnO/CuO nanocomposite to form a photocatalytic membrane for
Cr(VI) removal from wastewater.

A number of methods are widely used for thin film growth on substrates, such as sol-
gel coating, pulsed laser deposition (PLD), electrochemical bath deposition, and chemical
vapor deposition (CVD), but these methods all need complicated instruments and high
temperature [24]. The successive ionic layer adsorption and reaction (SILAR) method
has proven to be the best method for thin film growth as it is the most economical, the
simplest, less time consuming, and can be easily executed at room temperature for grafting
a photocatalyst on a large area [25].

On considering all the drawbacks of the previously reported methods for wastewater
treatment and the immobilization of nanostructures over diverse kinds of substrates, in
this research work, a thin film of ZnO/CuO nanocomposite has been grafted on polyester
fabric (PE) by the successive ionic layer adsorption and reaction (SILAR) method and
the fabricated material was characterized by EDX, SEM, and XRD. Three operational
parameters, i.e., irradiation time, initial concentration of Cr(VI), and pH, were optimized
by response surface methodology in order to achieve the maximum percentage reduction
of Cr(VI). The fabricated photocatalytic membrane reactor (PMR) was further used for
the photocatalytic reduction of Cr(VI) in real wastewater. The PMR designed is novel
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and reusable for a number of batches of wastewater without producing any secondary
sludge. Reduction of Cr(VI) to Cr(III) in order to treat industrial wastewater is much more
ecofriendly than adsorbing Cr(VI) on different adsorbents.

2. Experimental
2.1. Chemicals Required

Zinc acetate dehydrate (Zn(CH3COO)2·2H2O), copper acetate (Cu(CH3COO)2·2H2O),
and potassium dichromate (K2Cr2O7) were purchased from Daejung. Sodium hydroxide
(NaOH), sodium carbonate (Na2CO3), potassium permanganate (KMnO4), sulfuric acid
(H2SO4), 1,5-diphenylcarbazide (C13H14N4O), and hydrogen peroxide (H2O2 36%) were
purchased from Merck. The untreated polyester fabric was procured from National Textile
University, Faisalabad, Pakistan, and wastewater containing Cr(VI) ions was collected from
the Rajawala drain near the University of Agriculture, Faisalabad, Pakistan.

2.2. Mercerization of Polyester Fabric

The procured untreated polyester fabric was washed with distilled water and ethanol
to remove any impurities. Binding forces of polyester fabric were enhanced by rendering
it hydrophilic with the surface deposition of hydroxyl groups (–OH), and a chemical
treatment method named mercerization was employed. A one-meter square piece of
polyester fabric (PF)was boiled in 40 g/L of NaOH with continuous stirring for 30 min
and temperature was maintained at 60 ◦C. After cooling the solution, the polyester fabric
was removed and the excessive NaOH was washed out with distilled water. Untreated
polyester fabric was functionalized so that the nano-photocatalyst may graft evenly and
densely onto its surface [26].

2.3. Fabrication of ZnO/CuO Nanocomposite on Polyester Fabric (ZnO/CuO/PF Membrane)

For the grafting of ZnO/CuO nanocomposite on the polyester fabric (by the SILAR
method), during the first step a cationic complex of copper sodium zincate was formed
by adding 0.05 M of Zn(CH3COO)2·2H2O, 0.05 M of Cu(CH3COO)2·2H2O, and 0.2 M of
NaOH in 1:10 ratio. One piece (10 × 10 inch) of polyester fabric (PF) was firstly dipped in
the cationic solution for 30 s then dipped in the anionic solution for 30 s to graft ZnO/CuO
nanocomposite onto the PF membrane. This cycle was repeated 30 times to have a better
growth of ZnO/CuO nanocomposite on the PF membrane.

In the second step, functionalized polyester fabric was cut into pieces of 10 cm2 and
each piece was sequentially dipped in the above prepared cationic solution, in distilled
water as the anionic solution for 30 s, then air-dried and the cycle was repeated 30 times. The
surface grafted (–OH) groups react with the cationic solution in order to form ZnO/CuO
nanocomposite (Figure 1) [27]. Finally, unreacted ions were removed from the ZnO/CuO
coated polyester fabric by washing it with distilled water. After air drying all the fabricated
PMRs, each side of them was exposed to UV light (intensity 44 W) for 30 min to bind
the nanocomposite firmly onto the surface of the functionalized polyester fabric. The
photocatalyst load on PMR was measured to be 58 ± 2 µg/cm3 by comparing the weight
of the untreated polyester fabric and the PF loaded with ZnO/CuO nanocomposite.



Polymers 2021, 13, 4047 4 of 18

Polymers 2021, 13, x 4 of 18 
 

 

 
Figure 1. Schematic diagram of pathway followed for grafting of (ZnO/CuO) nanocomposite onto 
the surface of polyester. 

2.4. Characterization of Fabricated ZnO/CuO/PF Membrane 
ZnO/CuO nanocomposite was scraped from the surface of the functionalized poly-

ester fabric and characterized to analyze its crystallinity, purity, and crystallite size by an 
X-ray diffractometer (Jeol JDX-3532, UK diffractometer) using CuKα irradiation (λ = 1.54 
Å). The morphology, surface texture, and elemental analysis of ZnO/CuO nanocomposite 
was examined by using a scanning electron microscope (Quanta 2500, FEG (USA) and 
energy dispersive X-ray analysis (Oxford instruments, Abingdon, UK). The optical prop-
erties of the nanocomposite were determined by DRS (Perkin Elmer Lambda 1050, Buck-
inghamshire, UK). The FTIR analysis of the untreated polyester fabric and solar photo-
catalytic membrane loaded with ZnO/CuO nanocomposite was done by an IFS 125HR 
FTIR spectrometer (Bruker, Yokohama, Japan). For the assessment of thermal stability, 
TGA of ZnO/CuO nanocomposite was carried out by using a PerkinElmer Thermal Ana-
lyzer. 

2.5. Evaluation of Concentration of Cr (VI) and Cr (III) by Complexation 
The effluent containing hexavalent chromium formed a complex with 1, 5-diphenyl-

carbazide used as a complexing agent. First, 0.5 g of 1, 5-DPC in 100 mL of acetone was 
dissolved completely and then diluted with distilled water. Samples of Cr(VI) standard 
solution were prepared in concentrations from 10 to 50 ppm. The extraction reagents, 
NaOH (2%) and Na2CO3 (3%), were prepared in distilled water and dissolved in 0.1% 
potassium permanganate solution until a pink color was obtained. After mixing these re-
agents with Cr(VI) standards, 4 mL of sulfuric acid was added to obtain a pH of 2 (solution 
A). Then, 1, 5-DPC solution (2 mL) was mixed with solution A and a red-violet color of 

Figure 1. Schematic diagram of pathway followed for grafting of (ZnO/CuO) nanocomposite onto
the surface of polyester.

2.4. Characterization of Fabricated ZnO/CuO/PF Membrane

ZnO/CuO nanocomposite was scraped from the surface of the functionalized polyester
fabric and characterized to analyze its crystallinity, purity, and crystallite size by an X-ray
diffractometer (Jeol JDX-3532, UK diffractometer) using CuKα irradiation (λ = 1.54 Å). The
morphology, surface texture, and elemental analysis of ZnO/CuO nanocomposite was
examined by using a scanning electron microscope (Quanta 2500, FEG (USA) and energy
dispersive X-ray analysis (Oxford instruments, Abingdon, UK). The optical properties
of the nanocomposite were determined by DRS (Perkin Elmer Lambda 1050, Bucking-
hamshire, UK). The FTIR analysis of the untreated polyester fabric and solar photocatalytic
membrane loaded with ZnO/CuO nanocomposite was done by an IFS 125HR FTIR spec-
trometer (Bruker, Yokohama, Japan). For the assessment of thermal stability, TGA of
ZnO/CuO nanocomposite was carried out by using a PerkinElmer Thermal Analyzer.

2.5. Evaluation of Concentration of Cr (VI) and Cr (III) by Complexation

The effluent containing hexavalent chromium formed a complex with 1, 5-diphenyl-
carbazide used as a complexing agent. First, 0.5 g of 1, 5-DPC in 100 mL of acetone was
dissolved completely and then diluted with distilled water. Samples of Cr(VI) standard
solution were prepared in concentrations from 10 to 50 ppm. The extraction reagents,
NaOH (2%) and Na2CO3 (3%), were prepared in distilled water and dissolved in 0.1%
potassium permanganate solution until a pink color was obtained. After mixing these
reagents with Cr(VI) standards, 4 mL of sulfuric acid was added to obtain a pH of 2 (solution
A). Then, 1, 5-DPC solution (2 mL) was mixed with solution A and a red-violet color of the
Cr(VI) complex formed rapidly under the acidic conditions [28–31]. The concentration of
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Cr(III) was tested; (Cr(H2O)6)3+ was produced upon the addition of a small quantity of
Na2CO3 in Cr(III), forming grey-green precipitates of tri-aqua, trihydroxy, and chromium
(III) complex. The precipitates were filtered to obtain chromium-free water [32]. The total
percentage removal of chromium after complexation was determined by ICP-MS (Agilent
7700×, Santa Clara, CA, USA).

Photocatalytic Reduction of Cr(VI) in Wastewater

Photocatalytic reduction was performed for standard solutions of Cr(VI) through a
series of experiments in which pH was adjusted through acidic and basic solutions and
the irradiation time of natural sunlight was varied using a ZnO/CuO/PE-based PMR. The
PMRs of 5 × 5 cm3 size were cut and immersed in glass containers of 10 × 10 × 4 cm3

with a working volume of 50 mL of standard solutions of Cr(VI) and exposed to natural
direct sunlight during 11 a.m.–3 p.m. in the month of May. The average temperature
was about 35–40 ◦C and solar flux was 5–6 kW h/m2. The extent of reduction of Cr(VI)
from the treated samples was measured by using a UV/Vis spectrophotometer, while
percentage reduction was measured in terms of the absorbance of Cr(VI) before and after
photocatalytic reduction using Equation (1) [31]. The equipment used for the measurement
of absorption was a UV/Vis spectroscope (CE Cecil 7200, Isernhagen, Germany).

Reduction(%) =
Ao − A f

Ao
× 100 (1)

where A0 is the initial absorbance and A f is the final absorbance. Calculated values were
further used for the application of RSM to determine the results and relationship between
independent variables.

2.6. Optimization of Operational Parameters by Response Surface Methodology

The variable operational parameters, i.e., pH (5–9), initial Cr(VI) concentration (10–
50 ppm), and irradiation time (2–6 h), were statistically optimized through response
surface methodology (RSM), which is a statistical and mathematical tool for optimization
of reaction parameters for achieving the maximum reduction of Cr(VI). The basic equation
for the selected quadratic model that represents the relationship between variables and
their interactive effect on the percentage reduction of Cr(VI) is given in Equation (2).

Y = β* + β1X1 + β2X2 + β3X3 + β12X1X2 + β13X1X3 + β23X2X3 + β1
2X1

2 + β2X2
2 + β3X3

2 (2)

The model suggested by the central composite design of RSM was applied on the
abovementioned values of variables and 20 runs were conducted by software with different
values of all three variables. The response (Y) was taken as percentage reduction of Cr(VI).
The ANOVA table was obtained by inserting responses into the software.

2.7. Solar Photocatalytic Treatment of Real Wastewater

Under the optimized reaction conditions, the real wastewater containing Cr(VI) was
treated with the ZnO/CuO/PE-based PMR. The working volume was 50 mL and solar
flux was 5–6 kW h/m2. The extent of reduction was measured by UV/Vis spectroscopy
(CECIL CE 7200, Germany) and the complexation of Cr(VI) and Cr(III) before and after
solar photocatalytic reduction.

3. Result and Discussion
3.1. Characterization of the ZnO/CuO/PF-Based PMR

The results of the structural morphological, optical, and thermal characterization of
ZnO/CuO collected from the surface of the PMR and ZnO/CuO/PFPMR are
discussed below.
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3.1.1. Morphological Characterization of the ZnO/CuO/PF-Based PMR

The polyester fabric grafted with ZnO/CuO composite was observed to be densely
covered with flake-like nanostructures (Figure 2a,b). The average dimensions of the
structures calculated by ImageJ software were 67× 56× 12 nm3. The magnified micrograph
of a few strands of fabric showed nanoflakes grafted densely onto the strands of polyester
fabric (Figure 2c). The even and dense covering of the functionalized polyester fabric can
be attributed to an alkali treatment as pores had appeared on the surface of the fabric due
to etching. The alkali treatment of the fabric resulted in surface roughness, which might
have caused the generation of sites for the easy penetration of nanoparticles. The pointed
tapering ends of the thin flakes consist of ZnO/CuO composite.
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Morphological and surface analyses of ZnO/CuO/PF nanocomposite were studied
through SEM images. Flake-like monomorphous nanostructures were obtained (Figure 2d),
showing a geometry suitable for photocatalytic applications as it provides a high surface
area with a large number of active sites, offering channels for electron movement during
photocatalytic reactions [33]. The elemental analysis and purity of ZnO/CuO/PF nanocom-
posite were studied through the EDX spectrum, giving peaks of Zn, Cu, and O with Zn and
Cu intensities in the 1:1 ratio as both participate equally in the synthesis of the composite;
a greater oxygen intensity was also revealed in ZnO/CuO/PF composite fabrication. The
EDX results confirmed the authenticity of the composite formation and the high purity
of the nanocomposite shown in Figure 1e. According to atomic percentage and weight
percentage data obtained from EDX, almost the same concentrations of Cu+2 and Zn+2

were present owing to their similar cationic sizes. The higher concentration of oxygen than
the two component cations revealed that an oxide of both zinc and copper was formed as a
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composite. Moreover, a high concentration of surface adhered oxygen as hydroxyl groups
was indicated.

3.1.2. Structural Characterization of ZnO/CuO Grafted on PMR

The crystal structure of ZnO/CuO nanocomposite was studied through XRD and
the observed diffraction design was consistent with the information accessible in JCPDS
cards (JCPDS; 36-1451 for ZnO, JCPDS; 05-0661 for CuO), demonstrating the fabricated
sample as crystalline, and the phase purity and phase separation between ZnO and CuO is
clearly visible (Figure 2f), proving the presence of both ZnO and CuO. The diffractogram
shows peaks at the 33.96◦ (002) plane, 31.31◦ (100) plane, and 35.79◦ (101) plane, revealing
the presence of ZnO and peaks at the 38.29◦ (111) and 35.05◦ (111) plane are due to CuO,
proving its consistency with the standards values [34]. The average crystallite size of
ZnO/CuO/PF nanocomposite was calculated numerically as (L) by using the Debye–
Scherrer formula as given in the following equation [35,36].

L =
kλ

β cos θ
(3)

Taking the value of β = FWHM from the graph, the calculated crystallite size of
ZnO/CuO/PE was found to be 13.5 nm.

3.1.3. Optical Properties of ZnO/CuO Grafted onto the PMR

The diffused reflectance spectrum indicated that almost 50% of the sunlight was re-
flected, confirming the high absorption of solar radiation by the composite of the fabricated
material (Figure 3a). The bandgap edge was observed to be at 365 nm according to the
DRS spectrum of ZnO/CuO composite. Intrinsic ZnO, having a band gap at 3.2 eV, cannot
absorb visible radiation [37,38]. On the other hand, ZnO/CuO/PF exhibited an enhanced
light harvesting capability in the solar spectrum. The band gap energy of ZnO/CuO was
calculated by a Kubelka–Munk plot using the relation given below [39].

[F(R∞)]1/2 = A (hv − Eg) (4)

where the absorption coefficient (A) is related through Taucs relation, R∞ is the diffused
reflectance, (R∞) is the Kubelka–Munk function, and Eg represents the band gap energy.
Using this Kubelka–Munk relation, the band gap energy for ZnO/CuO/PF was found to
be 2.9 eV (Figure 3b). The decrease in the bandgap can be attributed to the induction of
inter-band energy states below the conduction band (CB). Consequently, an electron as a
charge carrier requires less energy to become excited from the valence band (VB) compared
to the CB.
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3.1.4. Thermal Stability of ZnO/CuO Grafted onto the PMR

The thermal stability of ZnO/CuO nanocomposite was measured by TGA and the
curve obtained indicated that the initial weight loss for the nanocomposite was observed
between 100–200 ◦C due to the evaporation of adsorbed water molecules from the surface
of the composite (Figure 4). Moreover, dehydration of Cu(OH)2 to CuO was found to occur
between 190 and 210 ◦C. The second gradual weight loss of 1.27–1.61% took place from
200–410 ◦C, then a greater weight loss of 2.00% appeared in the temperature range of 410–
480 ◦C due to the evaporation of chemically bound water, indicating the decomposition of
Zn(OH)2. The third and most prominent weight loss was observed at 610–700 ◦C (weight
loss of 4.38%) due to the complete loss of water from the sample. The stability in the
overall weight loss up to 800 ◦C can be deduced from only a 4.38% total weight loss. The
thermal stability is attributed to the efficient catalytic activity of the composite grafted on
the ZnO/CuO/PF PMR. Previous studies have reported similar results [40].
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3.2. Characterization of the ZnO/CuO/PF-Based PMR for Surface Functionalization

The untreated polyester fabric, mercerized polyester, and ZnO/CuO/PF-based PMR
were subjected to FTIR analysis. According to the spectra obtained, the band observed at
1940 cm−1 appeared due to carbonyl groups. The bands at 1575 cm−1 (Figure 5) correspond
to C = N and C–N groups present in benzenoid and quinoid structures and OH bending
in the COOH group. Peaks at 964, 941, and 943 cm−1 exhibited in all spectra are due to
the vinyl (C–H) group. No peak appeared at 630 cm−1 for the untreated and mercerized
polyester, but it did for ZnO/CuO grafted on mercerized polyester. This small and broad
peak indicated the grafting of the nanocomposite onto the surface of mercerized polyester
in a small amount, appearing due to stretching of the Zn–O and Cu–O bond. Similar results
have been reported for polymers [41].

3.3. Solar Photocatalytic Reduction of Chromium by RSM

The response of the solar photocatalytic reduction of Cr(VI) was collected by executing
the experimental runs provided by a complete polynomial quadratic model as the central
composite design (CCD). Design Expert V.7.0.0 (Stat-Ease Inc., Minneapolis, MN, USA)
was used to calculate the interactive effect of all three variables while using ZnO/CuO/PF
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as a PMR under natural sunlight. After the solar photocatalytic treatment, all 20 samples
were collected and absorbance was measured by UV/Vis spectroscopy (Table 1) [42].
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Figure 5. FTIR spectra of (a) untreated polyester, (b) mercerized polyester, and (c) ZnO/CuO/PF PMR. 

3.3. Solar Photocatalytic Reduction of Chromium by RSM 
The response of the solar photocatalytic reduction of Cr(VI) was collected by execut-

ing the experimental runs provided by a complete polynomial quadratic model as the 
central composite design (CCD). Design Expert V.7.0.0 (Stat-Ease Inc., Minneapolis, MN, 
USA) was used to calculate the interactive effect of all three variables while using 
ZnO/CuO/PF as a PMR under natural sunlight. After the solar photocatalytic treatment, 
all 20 samples were collected and absorbance was measured by UV/Vis spectroscopy (Ta-
ble 1) [42]. 

Table 1. Experimental results of solar photocatalytic reduction of Cr(VI) for runs provided by cen-
tral composite design. 

Run pHbol 
Initial  

Concentration of 
Cr(VI) (ppm) 

Sunlight  
Irradiation Time 

(h) 

Reduction  
(%) 

1 9.00 10 6.00 87 
2 9.00 50 6.00 84 
3 5.00 10 2.00 38 
4 3.64 30 4.00 71 
5 7.00 30 4.00 77 
6 7.00 30 4.00 74 
7 7.00 30 4.00 97 
8 7.00 30 4.00 76 
9 5.00 50 2.00 32 

10 7.00 30 4.00 75 
11 10.36 30 4.00 77 
12 7.00 63.5 7.36 83 
13 9.00 50 2.00 41 
14 7.00 30 4.00 61 
15 9.00 10 2.00 54 

Figure 5. FTIR spectra of (a) untreated polyester, (b) mercerized polyester, and (c) ZnO/CuO/PF PMR.

Table 1. Experimental results of solar photocatalytic reduction of Cr(VI) for runs provided by central
composite design.

Run pHbol
Initial

Concentration of
Cr(VI) (ppm)

Sunlight
Irradiation Time

(h)

Reduction
(%)

1 9.00 10 6.00 87
2 9.00 50 6.00 84
3 5.00 10 2.00 38
4 3.64 30 4.00 71
5 7.00 30 4.00 77
6 7.00 30 4.00 74
7 7.00 30 4.00 97
8 7.00 30 4.00 76
9 5.00 50 2.00 32

10 7.00 30 4.00 75
11 10.36 30 4.00 77
12 7.00 63.5 7.36 83
13 9.00 50 2.00 41
14 7.00 30 4.00 61
15 9.00 10 2.00 54
16 5.00 50 6.00 83
17 7.00 3.5 4.00 75
18 7.00 30 4.00 73
19 5.00 10 6.00 89
20 7.00 30 0.64 21

Optimization of Operational Parameters by Response Surface Methodology

While taking the photocatalyst load constant (58 micro g/cm3) as the solar photocat-
alytic membrane reactor and solar flux (5–6 kW h/m2), variable operational parameters,
i.e., pH (5–9), initial Cr(VI)concentration (10–50 ppm), and solar irradiation time (2–6 h),
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were statistically optimized through response surface methodology (RSM), a statistical and
mathematical tool for achieving the maximum reduction of Cr(VI). The basic equation for
the selected quadratic model that represents the relationship between variables and their
interactive effect on the percentage reduction of Cr(VI) is given in Equation (1). Further-
more, percentage reduction was calculated from absorbance to get the maximum Cr(VI)
percentage reduction of standard solutions (Table 1).

The ANOVA table includes a lower value of Prob F > 0.005 as the F value of 20.67
with 0.01% chances of noise, ensuring the significant effect of variables on the response.
Moreover, the value of p < 0.0001 with Pred. R2 = 0.7537 and Adj. R2 = 0.9031 agreement
ensures that the model is greatly significant, and the best predictability was shown by
the insignificant lack of the fit test (Table 2). The parameter optimization expression for
response surface methodology is given in Equation (5).

Y = +73.19 + 3.01A + 4.49B + 20.16− 0.37AB− 4.12AC− 0.37BC− 0.87A2 + 3.02B2 − 8.65C2 (5)

Table 2. ANOVA for response surface quadratic model.

Source Sum of Squares df Mean Square F Value p-Value
Prob > F

Model 7384.73 9 820.53 20.67 <0.0001 Significant
A—Initial

concentration of Cr(VI) 275.72 1 275.72 6.94 0.0249

B—pH 123.63 1 123.63 3.11 0.1081
C—irradiation time 5548.44 1 5548.44 139.75 <0.0001

AB 1.13 1 1.13 0.028 0.8697
AC 136.12 1 136.12 3.43 0.0938
BC 1.13 1 1.13 0.028 0.8697
A2 10.90 1 10.90 0.27 0.6117
B2 131.39 1 131.39 3.31 0.0989
C2 1077.75 1 1077.75 27.15 0.0004

Residual 397.02 10 39.70
Lack of fit 219.02 5 43.80 1.23 0.4128 Not significant
Pure error 178.00 5 35.60
Cor total 7781.75 19

The above expression represents Y as percentage reduction and X1, X2, and X3 are the
variables, i.e., oxidant concentration, pH, and irradiation time.

3.4. Interactive Effects of Operational Variables of Solar Photocatalytic Reaction

Three-dimensional graphics represent the regression equation for optimizing reaction
conditions. The 3D response surface interaction plots along with the interactive effect of
dependent variables’ interactions are represented below (Figure 6).
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3.4.1. Interactive Effect of Initial Concentration of Cr(VI) and Irradiation Time

The initial concentration of Cr(VI) and solar irradiation time showed an interactive
effect, proving the linear relationship between dependent variables in the case of percentage
reduction of Cr(VI) as shown in Figure 6a. An increase in the initial concentration offered a
higher percentage reduction up to 50 ppm of concentration due to the rapid coverage of
available active sites by ions and the enhanced rate of photocatalysis. Furthermore, the
photocatalyst surface initially had a larger amount of active sites for Cr(VI) adsorption
followed by reduction, but the reduction efficiency decreased slightly after some time of
increasing metal ion concentration adsorbed on vacant sites; they all became occupied in
2–4 h according to the 3D surface plot [43].

3.4.2. Interactive Effect of Initial Concentration of Cr(VI) and pH

The initial concentration of Cr(VI) and pH interactive effect has exhibited an indirect
relationship in the case of the percentage reduction of Cr(VI) as represented in Figure 6b.
The estimated Cr(VI) reduction demonstrated a lesser reduction with an increasing concen-
tration of Cr(VI), as exceeding the optimum Cr(VI) concentration prohibited the approach
of more Cr(VI) ions to the active sites of the photocatalyst. Another important variable
is pH, which affects the reduction rate of Cr(VI) by controlling the surface charge of the
photocatalyst during the photocatalytic reaction. The rate of photocatalysis decreased with
an increase in pH. Furthermore, Cr(VI) to Cr(III) reduction generated hydroxyls in the
alkaline medium and utilized protons. It can be observed that in the acidic medium, the
best results were obtained in the pH range of 5–7 [44].

Cr2O2−
7 + 14H+ + 6e− → 2Cr3+ + 7H2O (6)
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Cr2O2−
7 + 14H2O + 3e– → Cr(OH)3 + 5OH (7)

3.4.3. Interactive Effect of pH and Irradiation Time

The pH and irradiation time interactive effect on Cr(VI) percentage reduction is repre-
sented in Figure 6c, depicting a linear relationship between these independent variables.
In alkaline medium, the surface of ZnO/CuO holds additional negative charges, since it
is electrostatically repelled by the negatively charged species, such as Cr2O4

2−, HCrO4
−,

CrO4
2−, and neutral H2CrO4 species, showing a decreased extent of Cr(VI) adsorption on

the ZnO/CuO/PE surface at a higher pH range, whereas a positively charged photocatalyst
at neutral pH acts as a Lewis acid, thus promoting the rate of photocatalytic reduction of
Cr (VI) to Cr (III), also confirmed from the 3D RSM plot. The reduction efficiency of Cr(VI)
was enhanced by a higher irradiation time, but after a certain limit, all active sites were
blocked, decreasing the reduction [45]. Since the best results were obtained at pH 5–7 and
a sunlight irradiation time of 6 h, it can be concluded that in a slightly acidic medium, up
to 95% reduction of Cr(VI) can be obtained.

3.5. Complexation of Cr(VI) and Cr(III) Complexes

The standard solution of Cr(VI) in the concentration range of 10–50 ppm and wastewa-
ter were subjected to complexation, and the variation in intensity of the reddish violet color
indicated the differences in concentration of Cr(VI). Similarly, Cr(VI) in wastewater was
also subjected to a complexation reaction. The steps given in Figure 7a show the formation
of a hexavalent chromium complex with 1,5-diphenylcarbazide. After executing a solar
photocatalytic reduction reaction using the ZnO/CuO/PF PMR, Cr(VI) was reduced to
the trivalent chromium, which was further reacted with complexing reagents as given in
Figure 7b. The end product was a hexahydroxy chromium III complex of greenish yellow
color which reduced the concentration of Cr(III) from standard solutions of Cr(VI) and
treated wastewater.

UV/Vis spectroscopy analysis was used for the determination of hexavalent and
trivalent chromium complexes. Cr(VI) formed a red-violet color complex with 1,5-diphenyl-
carbazide, showing a maximum absorption at 547 nm wavelength [46–49]. The high peak of
the Cr(VI) complex delineated the large concentration of Cr(VI) in the wastewater sample.
After the solar photocatalytic reduction reaction, no reddish violet color appeared upon
complexation, indicating an almost complete conversion of Cr(VI) to Cr(III). On executing
the complexation reaction of Cr(III) in treated wastewater, trivalent chromium formed
a octahedral complex of a greenish yellow color and showed the maximum absorbance
at 320 nm. The very low peak of Cr(III) indicated the reduced concentration of trivalent
chromium in the treated wastewater [50]. Figure 8a,b shows the UV/Vis spectra of the
Cr(VI) and Cr(III) complexes, respectively.

The photocatalytic reduction of Cr (VI) to Cr (III) was confirmed by the formation of
complexes of chromium. Hexavalent chromium exists in chromate and dichromate forms.
The potassium dichromate (orange color) was first reduced to Cr3+. Then, after the addition
of Na2CO3 and NaOH, a greenish yellow colored hexa-aqua chromium(III) ion, a complex
formed by Cr3+ in aqueous solution, was obtained [51]. Thus, it is clear from the results
that Cr3+ forms Cr(H2O)3+

6, {Cr(H2O)3(OH)3}, and {Cr(OH)6}3− octahedral complexes in
the aqueous solution [52,53].
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3.6. Photocatalytic Reduction of Cr(VI) to Cr(III) in Real Wastewater

The concentration of Cr(VI) in the real wastewater sample was measured by UV/Vis
spectroscopy to be 200 ppm, taking the average. Under the optimized conditions, a solar
photocatalytic reaction was carried out using the ZnO/CuO/PF PMR. The real wastewater
was yellow in color due to Cr(VI); after the photocatalytic reduction reaction under natural
sunlight, the color of the wastewater changed, indicating the decrease in the concentration
of Cr(VI). The continuous exposure of the real wastewater to solar flux (5–6 kW h/m2)
for six hours (10 a.m. to 4 p.m.) with a photocatalyst load (58 ± 2 µg/cm3) as the solar
photocatalytic membrane reactor showed an impressive decrease in Cr(VI), which was
observed to be 24 ppm. The large decrease in the concentration of Cr(VI) rendered the
water reusable for irrigation and industrial processes (Figure 9).
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Figure 9. Decrease in concentration of Cr(VI) after solar photocatalytic reduction reaction.

The concentration of chromium in real wastewater as percentage removal was esti-
mated by AAS for the decrease in concentration of Cr(VI) after the solar photocatalytic
reduction reaction. The concentration of Cr as Cr(VI) and Cr(III) decreased with respect
to time. The samples collected from the reactor mixture exposed to natural sunlight, after
regular intervals, were aspirated in AAS for determination of the Cr concentration (Table 3).
It is obvious from the results obtained that Cr concentration declined sharply after 3 h and
become almost constant after 5 h. The increase in the concentration of H+ on proceeding
the reaction caused an increase in the reduction of Cr(VI). Furthermore, Cr(III) as a product
of the solar photocatalytic reaction adsorbed onto the surface of ZnO/CuO/PF, decreasing
the overall concentration of Cr in the wastewater. The maximum decrease in percentage
removal of Cr was observed to be 25 ppm.

Table 3. Concentration of Cr in ppm, determined by AAS with respect to time of solar photocatalytic
reaction.

Sample
collection time

(min)
0 60 120 180 240 300

Conc. of Cr (ppm) 216 164 124 72 47 25

3.7. Reusability of ZnO/CuO/PF

The basic purpose of the immobilization of the photocatalyst (ZnO/CuO) onto
the polyester substrate is to make it easily reusable and cost-effective. Reusability of
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ZnO/CuO/PF was determined as shown in Figure 8. The efficiency of ZnO/CuO/PF
was retained up to seven cycles and then a gradual decrease in the performance of the
photocatalyst occurred (Figure 10). Other researchers have reported that, in the case of
using PMR consisting of pure ZnO, only an 81% reduction of Cr (VI) to Cr (III) could
be obtained [54]. Moreover, even on doping of ZnO with tin (Sn/ZnO), no measurable
increase (80% removal) in the photocatalytic activity of the material was observed [55].
Conclusively, in comparison to the results of other research, it is obvious that ZnO/CuO/PF
is a more effective PMR, as a 95% reduction of Cr(VI) was obtained, which decreased to
78% after 15 cycles.
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Figure 10. Reusability of ZnO/CuO/PF for reduction of Cr (VI) to Cr (III).

4. Conclusions

ZnO/CuO/PF was successfully designed by the SILAR method, as ZnO/CuO nanocom-
posite was grafted onto polyester fabric as a highly durable and chemical resistant photocat-
alytic membrane reactor. The surface binding forces of polyester with the nanocomposite
were enhanced by mercerization using 40 g/L of NaOH. The fabricated PMR is a novel mate-
rial to enhance the photocatalytic reduction application, suitable for the reuse of wastewater
after reduction of Cr (VI) to Cr (III). The characterization of synthesized CuO/ZnO nanocom-
posite proved its high purity and crystallinity, whereas its flake-like morphology and rough
texture show a great potential for photocatalytic applications. The optical properties of
CuO/ZnO nanocomposite indicated the high harvesting power of solar radiation due to
the optimized low band gap energy of 2.9 eV. The thermal stability of ZnO/CuO was also
determined to be high, with only a 4.38% weight loss. The surface characterization of
ZnO/CuO/PF PMR was executed to confirm the grafting of CuO/ZnO nanocomposite
onto the surface of functionalized polyester fabric. The extent of Cr(VI) reduction was
maximum at pH 6, when the initial concentration of Cr(VI) was 30 ppm and the solution
was irradiated for 4 h in natural sunlight. The real wastewater was treated under optimized
conditions, and up to a 97% reduction in the concentration of Cr(VI) was observed. The
extent of the reduction of the concentration of Cr(VI) to Cr(III) was evaluated by UV/Vis
spectrophotometry. Complexation of Cr(VI) and Cr(III) with 1,5-diphenylcarbazide and their
estimation of concentration at 547 nm at 320 nm, respectively, confirmed the reduction of
Cr(VI) to Cr(III). A further decrease in the concentration of Cr(III) in the treated wastewater
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was observed due to its complexation in alkaline medium. The percentage removal of
Cr attained in real wastewater as determined by AAS after the regular time interval was
25% after 6 h. The reusability of the PMR was determined by repeating the photocatalytic
reduction of 15 batches of wastewater containing Cr (VI), with a slight decrease in efficiency
after 8 cycles, and a 78% reduction was obtained for the 15th cycle. This cost-effective and
reusable PMR can be considered as an efficient material to convert Cr(VI) into innocuous
Cr(III) to render wastewater reusable for irrigation and industrial processes.
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