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Abstract

This study examines the efficiency of photodegradation process (color and COD removal) in textile wastewater treatment, using cop-
per oxide nanoparticles (CuO-NPs) as photocatalyst to propose a suitable alternative for the available approaches. The experiments
were developed, using a central composite design and response surface methodology (RSM). RSM was applied to evaluate the effects
of different variables, including pH, CuO- NPs concentration, reaction time, and UV light intensity, as well as their interactions for
achieving optimal conditions. The second-order model consisted of linear and quadratic terms, which seemed appropriate for color
and COD removal. All the variables showed significant effects on color and COD degradation. The optimal conditions for maximum
color degradation (83%) included pH of 6.9, contact time of 60 min, CuO- NPs concentration of 0.05 g/L, and UV light intensity of 30
W. In addition, the optimal conditions for maximum COD reduction (99%) were pH of 6.8, contact time of 60 min, CuO-NPs concen-
tration of 0.02 g/L, and UV light intensity of 30 W. Based on the results of this study, CuO-NPs can be used for effective treatment of
textile wastewater by high COD and color removal.
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1. Background

Industrialization has a major contribution to the de-
velopment of any country. However, industrial activities
produce great quantities of effluents, which can result in
serious damage to natural resources if not treated in a
timely and efficient manner. Therefore, it is essential to es-
tablish effective treatment methods (1).

Wastewater, consisting of chemical additives and syn-
thetic dyes, are produced by textile industries in large
scales (2). Presence of even low amounts of potentially haz-
ardous materials (i.e., dyes) can be unfavorable. In addi-
tion, wastewater containing dyes reduces the esthetic wa-
ter quality, light penetration, and photosynthetic capacity
of organisms in water. Consequently, to reduce environ-
mental hazards, treatment of textile wastewater is neces-
sary before discharge in water (3).

For complete elimination of dyes, physical-chemical
approaches can be applied. In this type of treatment,
chemical coagulation-flocculation, as well as gravity set-
tling, is used to reduce the amount of unfavorable com-
pounds (i.e., suspended, dissolved, and colloidal materials)

in water. The main drawbacks of this approach include
high costs of the used chemicals, difficult sludge treat-
ment, and undesirable reduction of soluble COD (4).

Other strategies, including electrochemical treatment
(5) and chemical oxidation (6) are introduced as alterna-
tives for a more efficient wastewater treatment. Nonethe-
less, these approaches are expensive, and as a result, more
advanced treatments should be developed to meet the
strict regulations on water quality, facilitate water reuse,
and reduce the costs of wastewater treatment (7).

Advanced oxidation processes (AOPs), as a recently de-
veloped strategy for wastewater treatment, has different
applications. They are recognized as a chemical treatment
and are applied to alter oxidized organic constituents in
wastewater, which cannot be changed biologically into
simpler products. These processes employ free radicals for
nonselective mineralization of organic compounds to safe
end products (8).

Copper oxide is a semiconductor metal with unique
electrical, optical, and magnetic properties and it has been
used for various applications, such as the development of
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supercapacitors, near-infrared filters, in magnetic storage
media, sensors, catalysis, semiconductors, etc (8). Applica-
tion of cupric oxide nanoparticles (CuO-NPs), as a semicon-
ductor catalyst under UV light, is an AOP approach, show-
ing potentials in the treatment of wastewater (8). The pho-
tocatalysis process in the presence of CuO-NPs can be rep-
resented by the following steps (9):

(1) H2O→OH° + H°
(2) O2→2O°
(3) H2O + O°→ 2 OH° (3)
(4) CuO→ h+ + e
(5) CuO-H2O + h+→ CuO-OH° + H°
(6) CuO- O2+ e→ CuO- O2°
(7) Organic molecule + CuO-OH°→ CO2+H2O
(8) Organic molecule + CuO- O2°→ CO2+H2O
Response surface methodology (RSM) is a useful statis-

tical tool for the optimization of different processes and
widely used for experimental design (9). With this back-
ground in mind, we aimed to examine the effects of po-
tential factors, including pH, CuO-NPs concentration, reac-
tion time, and UV light intensity on the removal of COD and
color from wastewater, using a central composite design
(CCD), RSM, and their interactions towards the attainment
of optimal conditions.

2. Methods

2.1. Materials

The CuO-NPs (particle size, < 50 nm) were supplied by
Sigma-Aldrich (CAS: 1317-38-0). Figures 1 and 2 illustrate the
SEM and X-ray diffraction (XRD) patterns of CuO NPs. Tex-
tile wastewater was supplied by equalization tanks every
week at a textile factory in Iranshahr, Sistan and Baluches-
tan, Iran. At room temperature, all the tests were per-
formed on raw textile wastewater, wastewater after pre-
treatment (via coagulation with polyaluminum chloride)
(Table 1), and wastewater after photonanocatalytic pro-
cesses (according to CCD experiments).

Identification of biochemical oxygen demand (BOD5),
chemical oxygen demand (COD), and color constituents
was accomplished in accordance with the standards for
water and wastewater based on standards methods (5210B
and 522-D methods for BOD5 and COD respectively). All
photocatalytic processes were performed using UV lamps
(8, 15, and 30 W), based on CCD. The experiments were per-
formed under batch reactions with 1 L of textile wastew-
ater (after primary treatment using poly-aluminum chlo-
ride (PACl) as coagulant at dose 50 mg/L, pH equal 8, rapid
and slow mixing 120 and 40 rpm for 2 and 20 min and set-
tling time 30 min)) in each run throughout the study (to-
tal, 93 runs). Different operational variables, including pH,

CuO-NP concentration, reaction time, and UV light inten-
sity were investigated.

Figure 1. SEM of used CuO-NPs.

2.2. CCD and Optimization of Textile Wastewater Degradation

The design, statistical models, and optimization were
carried out using Minitab version 16. CCD is recognized
as the most extensively applied response surface design.
In fact, it is the most common design for fitting a second-
order response surface (9). In this experimental study,
the independent variables included pH, CuO-NP concen-
tration, reaction time, and UV light intensity (coded as X1,
X2, X3, and X4, respectively; Table 2).

CCD was applied using 93 settings, consisting of 24
axial points, 48 star points, and 21 replicates at the cen-
tral points. A similar design was used to describe the op-
timal conditions for removing organic components from
textile wastewater. Table 2 demonstrates the level of vari-
ables for degradation in textile wastewater. By using linear
or quadratic models for optimization, responses could be
easily related to the corresponding factors. The gathered
data were examined and fitted in a second-order model
for the prediction of responses in different experimental
fields (10):

Y = β0 +

k∑
i=1

βiXi +

k∑
i=1

βiiX
2
i +

k∑
i=1

k∑
j=i+1

βij XiXj + ε

(1)

Y denotes a dependent variable or response, β0 is the
intercept, βi represents the first-order regression coeffi-
cient, βii denotes the second-order coefficient (represent-
ing the quadratic effects of factors), βij is the coefficient of
interactions between factors, and Xi represents the coded
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Figure 2. The XRD pattern of CuO-NPs

Table 1. The Features of a Textile Wastewater Sample

Parameters Raw Textile Wastewater After Pre-Treatment by Coagulation with Pacl Permissive Levels (ISDS)

BOD5 (mg/L) 96 ± 13.5646 66 ± 4.8989 30

COD (mg/L) 1226.5 ± 67.8233 531.5 ± 18.7082 60

Color 0.3640 ± 0.0042 0.3424 ± 0.0017 75

BOD5/COD 0.0782 0.1241 -

Abbreviation; ISDS: Iran standards for discharge in surface water.

value of factor i. The effects of factors of interest were ex-
amined using ANOVA.

The proportion of total variance in the response vari-
able, as described by the fitted model, was examined by

measuring the coefficient of determination (R2) and ad-
justed R2. The significance of the effects was analyzed by
the F-test in Minitab. Additionally, the predictive power
of the model was examined by measuring R2 prediction

Health Scope. 2018; 7(3):e57689. 3

http://jhealthscope.com


Amirian P et al.

coefficients, based on the predicted residual error sum of
squares (PRESS). The 2D contour plots and 3D plots were
drawn to determine the effects of interactions among dif-
ferent variables.

3. Results and Discussion

3.1. Catalyst Characterization

Figure 2 shows the XRD profile of the catalyst (CuO-
NPs). All 11 diffraction peaks at 2θ = 33°C, 36°C, 39°C, 49°C,
54°C, 59°C, 62°C, 66°C, 68°C, 73°C, and 75°C were indexed
to (110), (002), (111), (202), (020), (202), (113), (311), (113), (311),
and (004) planes, respectively, which are correlated to the
monoclinic crystal phase of CuO-NPs; these values are com-
parable with those in JCPDS file for CuO (JCPDS, card num-
ber 45-0937).

3.2. Second-Order Regression Model and Analysis of Variance

Based on the RSM, by discarding insignificant terms
with P-values above 0.2, polynomial regression models
were used for the corresponding coded values of 4 vari-
ables. Finally, the best-fit ANOVA models were obtained as
follows:

Y (Color removal efficiency %) = 81.21 - 2.75 pH + 0.45 CuO
+ 0.78 time + 1.50 UV - 8.58 pH2 + 0.30 pH× UV - 0.21CuO×
time - 0.23 CuO×UV - 0.25 time×UV + ε

Y (COD removal efficiency %) = 91.27 - 8.68 pH + 1.16 CuO
+ 2.91 time + 5.04 UV - 27.59 pH2 + 0.70 pH× time + 0.94 pH
× UV - 0.92 CuO× time - 0.64 CuO× UV -0.96 time× UV +
ε

ANOVA was used to confirm the significance of
quadratic models, explaining the experimental data
(95% CI). In Table 3, the ANOVA results are presented
regarding the regression parameters of RSM quadratic
models for color and COD removal from textile wastewa-
ter. According to Table 3, the regression coefficients were
significant at F-values of 304.88 and 255.27 for color and
COD degradation, respectively (P < 0.001).

Considering the significance of the second-order
model, the regressions were also significant (P < 0.001).
Nevertheless, lack of fit was found to be insignificant
(P = 0.308 and P = 0.713), which indicates the fitness of
ANOVA models. R2 was determined to control the fit of the
models. As indicated by ANOVA, the models reported high
R2 values for color (97.06%) and COD (96.89%) removal.

In addition, alignment with the adjusted R2 was essen-
tial. The adjusted R2 values for color and COD reduction
were estimated at 96.75% and 96.51%, respectively. The R2

values were close to 1, which indicates a significant correla-
tion between the predicted and reported values. Therefore,

the regression models could adequately explain the corre-
lation among independent and response variables (11). Ac-
cording to the regression models, the variables in order of
significance are UV intensity, reaction time, CuO-NP con-
centration, and pH.

3.3. Effects of Parameters on COD and Color Removal and Anal-
ysis of 3D Response Surface Plots

3.3.1. Effects of pH-UV Intensity Interaction

The effects of pH-UV interaction on COD and color re-
duction are shown in Figure 3A and 3B, while other vari-
ables (contact time and CuO-NP concentration) are main-
tained constant (contact time, 30 min; CuO-NP, 0.035 g/L).
As displayed in the plots, a spherical response surface was
obtained for the effects of pH-UV interactions on the reduc-
tion of COD and color; a local maximum region was de-
tected at certain reaction times and pH ranges.

Additionally, at a high UV intensity, an increasing trend
in COD and color reduction was found by increasing pH
(from 3 to 7). These findings were consistent with the
preliminary experimental findings. Further information
about pH-UV interactions is presented in 2D contour plots.
Based on the findings of this study, COD and color removal
improved by increasing pH from 3 to 7, while extending the
UV intensity from 8 to 30 W. Nevertheless, pH and UV inten-
sity beyond 11 and 8 W, respectively reduced COD and color
removal.

Moreover, pH can cause changes in the metal oxide
surface (covered by hydroxyl groups in water) in hetero-
geneous catalytic systems. In addition, proton transfer-
ence is possible on the metal oxide surface at various pH
ranges, resulting in the adsorption of reaction pathways
(12). Based on the findings, increasing pH from 3 to 7 accel-
erates COD degradation, while increasing pH from 7 to 11
reduces COD and color removal efficiency through hetero-
geneous (catalytic) reactions, leading to the generation of
active radicals (eg, hydroxyl radicals, OH, HO2, and HO3);
consequently, it can improve the removal of organic com-
pounds (13).

As presented in Figure 3A and 3B, by increasing UV light
intensity and pH from 3 to 7, COD removal increased since
the production of hydroxyl radicals increases under acidic
and neutral pH conditions. At a low pH, positively charged
surfaces cannot supply the hydroxyl groups for the forma-
tion of hydroxyl radicals. In addition, a higher pH can
produce a higher level of hydroxyl ions, reacting with hy-
droxyl radicals (14). However, degradation is hindered at a
high pH (> 7), as organic molecules compete with hydroxyl
ions for adsorption on the catalyst surface (15); similar find-
ings were reported by Damodar et al. (16) and Rao et al. (17).
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Table 2. Factors and Their Codes Used in the CCD of RSM

Independent Variables Symbols Coded Values and Actual Levels

-1 0 +1

pH of solution X1 3 7 11

CuO-NP concentration (g) X2 0.02 0.035 0.05

Time (min) X3 10 35 60

UV light intensity (W) X4 8 15 30

Table 3. The Results of ANOVA Test for COD and Color Degradation (%) Using Photonanocatalytic Photonanocatalytic Processes on Textile Wastewater (UV/CuO-NPs)

Source DF SS MS F Valuea P Value

Response: Color Removal (R2=97.06 %, adjusted R2=96.75%)

Model 9 2258.77 250.97 304.88 < 0.001

Linear 4 576.36 144.09 175.04 < 0.001

pH 1 409.00 409.00 496.84 < 0.001

CuO-NPs 1 11.17 11.17 13.57 < 0.001

Time 1 33.50 33.50 40.69 < 0.001

UV 1 122.70 122.70 149.05 < 0.001

Square 1 1669.90 1669.90 2028.58 < 0.001

pH*pH 1 1669.90 1669.90 2028.58 < 0.001

Interaction 4 12.50 3.13 3.80 0.007

pH*UV 1 4.50 4.50 5.46 0.022

CuO*time 1 2.27 2.27 2.76 0.100

CuO*UV 1 2.64 2.64 3.20 0.077

time*UV 1 3.10 3.10 3.76 0.056

Residual error 83 68.32 0.82 - -

Lack-of-fit 15 14.11 0.94 1.18 0.308

Pure error 68 54.21 0.80 - -

Total 92 2327.09 - - -

Response: COD Removal (R2 = 96.89%, adjusted R2 = 96.51%)

Model 10 23398.1 2339.8 255.27 < 0.001

Linear 4 5984.4 1496.1 163.22 < 0.001

pH 1 4077.7 4077.7 444.88 < 0.001

CuO-NPs 1 73.0 73.0 7.96 0.006

Time 1 459.6 459.6 50.14 < 0.001

UV 1 1374.1 1374.1 149.91 < 0.001

Square 1 17241.4 17241.4 1881.01 < 0.001

pH*Ph 1 17241.4 17241.4 1881.01 < 0.001

Interaction 5 172.3 34.5 3.76 0.004

pH*time 1 24.0 24.0 2.62 0.110

pH*UV 1 43.1 43.1 4.70 0.033

CuO*time 1 40.7 40.7 4.44 0.038

CuO*UV 1 19.9 19.9 2.17 0.144

time*UV 1 44.6 44.6 4.87 0.030

Residual error 82 751.6 9.2 - -

Lack-of-fit 14 101.0 7.2 0.75 0.713

Pure error 68 650.6 9.6 - -

Total 92 24149.7 - - -

Abbreviations: DF: Degree of freedom of variance source; SS: Sum of squares; MS: Mean of squares (SS/DF).
aF: F-value of variance source (MS/MSres); P: significant probability of error. The F subscripts indicate degrees of freedom in the source of variance and error degree of
freedom, respectively.

3.3.2. The Interaction Effects of CuO NP Concentration and Time

As illustrated in Figure 3C, COD degradation gradually
improved by increasing CuO-NP dose and reaction time.
This figure shows that optimal COD degradation can be at-

tained with a CuO-NP concentration of 0.02 - 0.05 g/L and
reaction time of 10 - 60 min. Therefore, COD degradation
may increase or decreases significantly if CuO-NP dose and
reaction time are excessively high or low. The photocat-
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alytic degradation efficiency is majorly influenced, as the
amount of catalyst loading (CuO-NPs) increases. This find-
ing can be explained by 2 major factors: (1) deactivation of
activated organic molecules through molecular collision
in the ground state; and (2) increased availability of active
sites (18). Jorfi et al. (19) and Darvishi Cheshmeh Soltani et
al. (20) reported similar findings.

3.3.3. The Interaction Effects of Time and UV Light Intensity (UV)

Figure 1D presents the effect of UV-time interaction on
COD degradation efficiency, while pH and CuO NP dosage
are maintained in the middle range (7 and 0.03 g/L, re-
spectively). As demonstrated in Figure 3D, COD degrada-
tion improves by increasing the reaction time and UV in-
tensity. The increase in experimental time is highly corre-
lated with COD degradation. The reason is that UV intensity
determines the photocatalyst’s energy absorption to form
electron–hole pairs, thereby inducing the conversion of or-
ganic pollutants. In fact, a higher UV intensity offers more
energy for CuO-NPs to form electron–hole pairs (21). Simi-
lar findings have been indicated by Sheydaei et al. (22) and
Jorfi et al. (19).

3.4. Process Optimization and Verification

3.4.1. Optimization and Economic Conditions Using Desirability

In optimization, the main objective is to determine the
optimal value of parameters for photocatalytic color and
COD degradation, based on the models and experimental
data. The optimal pH, CuO-NP dosage, time, and UV inten-
sity for maximum degradation efficiency were 6.9 (-0.1416),
0.05 g (1), 60 min (1), and 30 W (1), respectively for color re-
moval; the predicted color removal efficiency was 83.42%
(Figure 4). In addition, the corresponding values for maxi-
mum COD removal were 6.8 (-0.1296), 0.02 g (-1), 60 min (1),
and 30 W (1), respectively. In these optimal conditions, the
predicted COD removal efficiency was 99.11% (Figure 5).

3.4.2. Experimental Verification of Optimal Conditions

To confirm the performance of models for the predic-
tion of maximum color and COD degradation, they were
validated via experiments under optimal conditions. For
this purpose, 3 replicates were performed in the reactor,
yielding an average maximum color degradation of 82.12%
(Table 4) and an average maximum COD degradation of
98.23% (Table 5). After confirming the predicted values via
experimental tests, maximum degradation was achieved
in optimal conditions. Therefore, optimization of COD
and color degradation conditions was successful in our
study, and maximum degradation efficiency was achieved
by RSM for photocatalytic degradation, using CuO-NPs of
color and COD in textile wastewater.

Table 4. Optimal Values of Parameters Under Constraint Conditions and Experimen-
tal Verification of Color Reduction

Parameters Optimal Value Color Degradation Rate (%)

Predictive Experimental

pH of solution 6.9

83.42 82.12
CuO-NPs 0.05 g/L

Time 60 min

UV 30 W

Table 5. Optimal Values of Parameters Under Constraint Conditions and Experimen-
tal Verification of COD Reduction

Parameters Optimal Value COD Degradation Rate (%)

Predictive Experimental

pH of solution 6.8

99.11 98.23
CuO-NPs 0.02 g/L

Time 60 min

UV 30 W

4. Conclusion

The present study evaluated the effectiveness of pho-
tonanocatalytic processes for color and COD degradation
and examined regression models to develop optimal pre-
dictive models. The experiments were performed to opti-
mize different parameters, including pH, CuO-NP concen-
tration, reaction time, and UV light intensity. The models
were used to predict the optimal values of parameters in-
volved in photocatalytic degradation. Based on the find-
ings, the derived models seemed to have a high predic-
tive value, without overfitting with an R2 of 0.9706 and ad-
justed R2 of 0.9675 for color degradation and R2 of 0.9689
and adjusted R2 of 0.9651 for COD degradation. In addi-
tion, the R2 values showed that the actual data well fitted
the predicted data.

Furthermore, the findings revealed that CuO-NP con-
centration, reaction time, and UV light intensity were pos-
itively correlated with color and COD removal. More im-
portantly, pH of solution (range, 3 - 7) was highly corre-
lated with color and especially COD removal. Addition-
ally, pH-UV, CuO-NPs-time, and time-UV interactions in COD
removal, as well as pH-UV interactions in color removal,
showed significant effects. Optimal color degradation of
84.04% was obtained at pH of 7, CuO-NP dose of 0.035 g/L,
reaction time of 35 min, and UV light intensity of 30 W.
Maximum color degradation in the predictive model was
83.42%, which was almost consistent with the experimen-
tal findings (84.04%). In addition, optimal COD degrada-
tion of 96.02% was reported at pH of 7, CuO-NP dose of
0.035 g/L, reaction time of 35 min, and UV light intensity
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Figure 3. A, The 2D contour and 3D surface plots for the effects of pH and UV light intensity on COD degradation; B, The 2D contour and 3D surface plots illustrating the effects
of pH and UV light intensity on color degradation.; C, The 2D contour and 3D surface plots showing the effects of reaction time and catalyst dose on COD degradation; D,
Two-dimensional contour plots and 3D surface plots showing the effects of the reaction time and UV light intensity on the degradation rate of COD.

of 30 W. The maximum COD degradation was 99.11% in the
prediction model, which is almost consistent with the ex-
perimental findings (96.02%). Finally, based on the find-
ings of our experiments, only the residual COD concentra-
tion in textile wastewater, treated by photocatalytic pro-
cesses, was slightly higher than national discharge stan-
dards (60 mg/L). Therefore, post treatment processes, such
as adsorption and coagulation, should be used to meet the
standards.
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