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ABSTRACT

In this study, the experimental design methodology was applied for modeling and optimizing the
critical operating parameters on photocatalytic degradation of chemical oxygen demand (COD) in
dairy wastewater using CuO nanoparticles as photocatalyst in a photoreactor. Also, central composite
design and response surface methodology (RSM) have been used to design the experiments, do sta-
tistical analysis, and to determine the optimum condition. The effects of four independent variables,
including pH (3, 7, and 11), CuO nanoparticles dose (0.01, 0.03, and 0.05 g), reaction time (10, 30, and
60 min), and ultraviolet (UV) light intensity (8, 15, and 30 W) were investigated. The significance and
adequacy of the model were analyzed using analysis of variance (ANOVA). Second-order quadratic
model was built to predict the responses. The ANOVA of the COD removal efficiency from dairy
wastewater by UV/CuO showed that the regression model is significant (p <0.001). In optimum condi-
tions of the photocatalytic degradation (pH =7.2, CuO dose =0.05 g, time = 60 min, and UV radiation =
30 W), COD removal efficiency equal 99.99% was achieved. The regression analysis with R* value of
0.9743 and Adj. R? value of 0.9697 showed a good correlation between the experimental and the pre-
dictive values. It was found that all factors considered have an important and significant influence on

the degradation rate of the COD.
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1. Introduction

Dairy industries have shown tremendous growth in
size and number in most countries of the world, including
Iran. Dairy wastewater mainly originates from the processed
wastewater due to the non-accidental losses of milk or dairy
products, which is mixed with waters produced in various
processing units as well as with water generated from liv-
ing area [1-3]. These industries discharge wastewater which
is characterized by high chemical oxygen demand (COD),
biological oxygen demand, organic and inorganic contents,
high levels of dissolved or suspended solids, including fats,
oils and grease, nutrients such as ammonia or minerals, and
phosphates, and it is also malodorous because of the decom-
position of some of the contaminants causing discomfort
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to the surrounding population, therefore, requiring proper
attention before final disposal to environment [4,5]. When
selecting the most suitable wastewater treatment method for
the specific effluent, both the feasibility of the treatment as
well as the economics of the process need to be considered.
There are multiplicities of different kinds of techniques avail-
able, such as physical, chemical, and biological wastewater
treatments and their combinations [6]. Advanced oxidation
processes (AOPs) belong to the chemical treatment category
and are used to oxidize organic compounds found in waste-
water which are difficult to handle biologically into simpler
end products. AOPs involve the generation of free hydroxyl
radical (HO’), a powerful, non-selective chemical oxidant
[7]. Photocatalytic oxidation in the presence of semiconduct-
ing materials have been studied extensively during the past
20 years, and it has been demonstrated that heterogeneous
photocatalysis can be an alternative to conventional meth-
ods for the removal of organic pollutants from water, air,
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and wastewater [8]. Photocatalysis is an advanced oxidation
technology that uses the catalytic activity of the semiconduct-
ing metal oxides. This technology produces OH’, which has
stronger oxidation power than ordinary oxidants normally
used in the oxidation process, and decomposes the organic
compounds into harmless compounds, such as CO, H,O,
or HCI [9]. Many types of semiconductors have been used
as photocatalyst, including TiO,, ZnO, CdS, WO,, Cu0, etc.
Most of these semiconductor photocatalysts have band gap
in the ultraviolet (UV) region, equivalent to or larger than
3.2 eV (A = 387 nm). When photocatalyst absorbs UV radia-
tion from sunlight or illuminated light source, it will produce
pairs of electrons and holes. The excess energy of this excited
electron promoted the electron to the conduction band, there-
fore, creating the negative-electron (e”) and positive-hole (h*)
pairs. This stage is referred as the semiconductor’s ‘photo-
excitation” state. The energy difference between the valence
band and the conduction band is known as the ‘Band Gap’'.
The positive-hole of photocatalyst breaks apart the water
molecule to form hydrogen gas and hydroxyl radical. The
negative-electron reacts with oxygen molecule to form super
oxide anion. The activation of CuO by UV light can be repre-
sented by the following steps [10]:

CuO+h — e +h 1)
e+0,—0,” (2)
h*+ Organic matter — CO, 3)
h*+H,0 - OH +H" (4)
OH + Organic matter — CO, (5)

COD describes the number of chemically oxidizing
organic compounds of wastewater [11]. The ratio of the
biochemical oxygen demand (BOD,) and COD can provide
more information about the wastewater sample. Usually, for
industrial wastewaters, COD is higher than BOD, because
many organic substances which are difficult to oxidize bio-
logically can be oxidized chemically. If the COD value is
much bigger than the BOD value, the organic compounds
in wastewater are slowly biodegradable [12]. Classical opti-
mization studies use the one-factor-at-a-time approach, in
which only one factor is variable at a time while all others are
kept constant. This approach is time consuming and expen-
sive. In addition, possible interaction effects between vari-
ables cannot be evaluated and misleading conclusions may
be drawn [13]. The response surface methodology (RSM)
can overcome these difficulties, since it allows accounting
for possible interaction effects between variables [14,15]. If
adequately used, this powerful tool can provide the optimal
conditions that improve a process [16]. To our knowledge,
there is no such information available in the literature for
the optimization of the operation parameters on photocat-
alytic COD degradation using CuO nanoparticles as pho-
tocatalyst on dairy wastewater by central composite design
(CCD) and RSM. The present work focused on the effects of
important parameters (pH, CuO dosage, reaction time, and
UV light intensity) on the degradation rate of COD under
various experimental conditions in a batch reactor. Initially,
the preliminary information of suitable reaction conditions

for optimizing the COD degradation was obtained, and then
a quadratic model was made to optimize the parameters of
COD degradation with RSM on the basis of the preliminary
experiments. This research not only provides information for
predicting and optimizing the degradation process of COD
under the related constraint conditions, but also can provide
a new method to deal with dairy wastewater pollution.

2. Materials and methods
2.1. Materials

The photocatalyst CuO (nanopowder <50 nm
transmission electron microscopy (TEM)) was obtained
from Sigma-Aldrich Co., Germany (CAS: 1317-38-0). 0.1 N
NaOH and 0.1 N HCI were used for pH adjustment. Raw
wastewater used in this study was collected weekly from the
final equalization tank from a dairy factory in Iran (Sistan
and Baluchestan Province, Zahedan city), with 25,000 (mean
value) kg milk per day processing capacity. All the chemi-
cals in this study were of extra pure or analytical grade.

2.2. Wastewater characterization

Dairy wastewater contains detergents, sanitizers, milk
wastes, milk solids, cleaning water, and also has a typical
white color. It is characterized by high concentrations of
organic, inorganic contents, and nutrients. Significant vari-
ations in BOD, (40-49,000 mg/L) and COD (80-97,000 mg/L)
and have been reported by various investigators of dairy
wastewater [17,18].

Table 2 presents the real dairy wastewater characteristics
prior to any treatment, after 4 h settling time and the guide-
lines from Iran for effluent discharge in the sewage urban
works. The values of the pollution parameters were lowered
after 4 h of preliminary settling time, nevertheless, the com-
parison of these values showed that important parameters,
including BOD,, COD, total dissolved solids (TDSs), total
Kjeldahl nitrogen (TKN), and total phosphate (TP) were
greater than standards recommended by Iran (Table 1). The
high BOD, and COD values indicated that contamination
with organic matter is very high. Therefore, the dairy effluent
needed to be treated before discharging to the environment.
In addition, BOD,/COD ratio was used as biodegradability
indicator, so higher BOD,/COD ratio reveal higher biode-
gradability of wastewater.

2.3. Chemical coagulation by polyaluminum chloride (PACI)

Coagulation—flocculation is one of the most important
physicochemical processes in the treatment of industrial
wastewaters to decrease the solids (suspended and colloidal)
responsible for turbidity of the wastewater and also for the
reduction of organic matters which contributes to the BOD,
and COD content of the wastewater [19,20]. Addition of var-
ious coagulants involves destabilization of the particulate
matters present in the wastewater, followed by particle col-
lision and floc formation which results in the sedimentation
or flotation [6,21].

Standard jar tests were conducted on a program
controlled jar test apparatus (Phipps and Bird Jar) at
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Table 1
Characteristics of the raw dairy wastewater used for this study

Parameters Raw wastewater Settled wastewater After pretreatment by Permissive levels (Iran standard
(after 4 h) coagulation with PACI1 for discharge to surface waters)
BOD, (mg/L) 420.8 351.2 303.7 30
COD (mg/L) 930.1 856.5 536.5 60
BOD,/COD 0.45 0.40 0.55 -
TDS (mg/L) 2508.4 2204.8 1802.3 -
TKN (mg/L) 90.3 78.4 58.8 25
TP (mg/L) 76.6 68.08 55.28 6
22°C + 2°C of room temperature for optimization of the pH Lamp Holder
and coagulant dosages. First, optimization of pH (2-12) at
a fixed ;goagulant dgse of PAClp(SO mg/L) wasppeiform)ed. s ?E
Next, the optimal dose of PACI (5-1,000 mg/L) was deter-
mined in the optimum value of pH (equal 8). Afterward, PyrexGlass  <—
coagulation process with PACI was performed at pH 8 Dairy Wastewater
and coagulant dose 50 mg/L as optimum conditions. For
this study, the intensity, and duration of both rapid mixing Megnet Cud Nanoparticles

and slow mixing were fixed, respectively, at 120 rpm for 2
min in the case of rapid mixing and 40 rpm for 20 min in
the case of slow mixing for flocculation. The duration of
sedimentation was kept constant for 30 min. The levels of
mentioned parameters have been chosen according to con-
ventional chemical coagulation process in water and waste-
water treatment. At the end of the settling period, dairy
wastewater samples were taken from the supernatants and
important parameters, including BOD,, COD, TDS, TKN,
and TP were determined.

2.4. Photocatalytic degradation experiments

The experimental setup was composed of a cylindri-
cal reactor with a portable mercury lamp (8, 15, and 30 W)
placed above the reactor with cooling trap for maintaining
constant temperature by water circulation (Fig. 1). The exper-
iments were performed at room temperature (22°C + 3°C)
under batch reaction, with 1 L of dairy wastewater (after
primary treatment with PACI) in each run throughout the
study. Different operational variables, including pH, CuO
nanoparticles dose, reaction time, and UV radiations were
investigated. As response, for optimization the COD degra-
dation, Y (%) was considered being calculated by the follow-
ing expression:

(C,~C))

0

% = 100 ©6)

where C; (mg/L) is the initial concentration of the COD in
dairy wastewater (after primary treatment with PACI) and
Cf (mg/L) is the concentration of COD in dairy wastewater
(after primary treatment with PACI) after f minutes of UV
exposure.

2.5. Analytical procedures

COD, BOD,, TDS, TP, and TKN determinations were
performed according to the standard methods for water and

’_) MagneticStirrer

Fig. 1. Schematic representation of the used photocatalytic reactor.

Table 2
Experimental design and levels of independent variables

Factors Symbol  Real values of coded levels
-1 0 +1
pH X, 3 7 11
CuOdose (g) X, 0.01 0.03 0.05
Time (min) X, 10 30 60
Uv (W) X, 8 15 30

wastewater [11]. COD was measured using COD reactor and
direct reading spectrophotometer (DR 5000, Hach, USA).
BOD, was determined by the manometric method with a res-
pirometer OxiTop system (WTW, Germany).

2.6. Design of experiments and statistical analysis

The central composite type of RSM was employed to opti-
mize the removal efficiency of COD (response) in diary waste-
water under the photonanocatalytic process. The design was
composed of four three-level (low, medium, and high) with
three replicates in each run. A total of 93 random order runs
were created. The four factors of interest determined as pH of
a solution, CuO nanoparticle dosage, reaction time, and UV
light intensity. For simplicity, the four independent factors
were denoted as X, X,, X,, and X, respectively. According to
the preliminary experiments, ranges and levels of indepen-
dent variables are shown in Table 2. Preliminary tests and
review of the literature were used to select the amplitude of
variables.
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Table 3

Central composite design matrix with experimental and predicted values

Run pH CuO Time UV  COD degradation, % Run pH CuO Time UV COD degradation, %
order (X) (X)) (X)) X)) Experimental Predictive order (X)) (X)) (X)) (X)) Experimental Predictive
1 0 0 1 0 98.79 98.37 48 0 0 0 0 95.06 95.11
2 0 0 0 0 88.54 90.22 49 0 0 -1 0 92.26 93.08
3 -1 -1 1 -1 81.08 81.93 50 0 0 0 -1 92.26 90.23
4 0 0 0 0 95.99 95.11 51 0 0 0 0 96.92 95.11
5 -1 1 1 -1 76.42 76.77 52 0 -1 0 0 96.92 93.49
6 1 -1 1 54.99 52.14 53 1 0 0 0 52.19 58.95
7 0 0 0 95.06 95.11 54 0 0 -1 0 94.13 93.08
8 0 0 0 0 95.06 95.11 55 1 -1 1 1 67.10 67.01
9 -1 1 -1 -1 73.63 72.50 56 -1 -1 -1 1 79.28 77.97
10 0 0 0 0 94.13 95.11 57 -1 0 0 0 76.42 76.58
11 0 0 0 0 97.86 99.68 58 0 0 0 0 95.99 95.11
12 -1 1 1 -1 74.56 76.77 59 1 -1 -1 1 63.37 60.72
13 -1 -1 -1 -1 66.17 67.19 60 -1 -1 1 -1 74.56 74.88
14 0 -1 0 0 95.06 93.49 61 0 0 -1 0 93.19 93.08
15 -1 1 -1 -1 81.08 80.95 62 1 1 1 1 67.10 66.88
16 -1 -1 -1 -1 68.03 67.19 63 1 -1 -1 -1 49.39 46.53
17 0 0 0 0 98.79 95.11 64 -1 1 -1 1 80.15 80.95
18 1 1 -1 1 65.24 64.01 65 0 0 1 0 96.92 98.37
19 0 0 0 0 91.33 95.11 66 1 1 -1 -1 44.73 52.14
20 1 1 1 1 61.51 58.75 67 -1 1 1 1 84.81 81.49
21 1 -1 -1 1 41.01 46.53 68 1 -1 -1 1 51.26 60.72
22 1 -1 1 1 55.92 56.54 69 0 0 0 0 98.79 95.11
23 0 0 0 0 97.86 95.11 70 0 1 0 0 95.06 96.09
24 0 0 0 0 97.86 95.11 71 -1 1 -1 -1 71.76 72.50
25 1 1 1 1 68.97 66.88 72 1 1 1 -1 59.65 58.75
26 0 1 0 0 95.99 96.09 73 1 1 -1 1 66.17 64.01
27 -1 -1 -1 -1 76.42 77.97 74 -1 -1 1 1 82.95 81.93
28 -1 -1 1 -1 72.69 74.88 75 0 0 0 0 91.33 95.11
29 1 -1 1 1 57.78 56.54 76 0 0 0 0 92.26 95.11
30 0 -1 0 0 94.13 93.49 77 -1 1 -1 1 80.15 80.95
31 1 0 0 1 62.44 58.95 78 0 0 0 0 95.06 95.11
32 0 0 1 0 97.86 98.37 79 1 1 1 -1 60.58 58.75
33 0 0 0 0 95.06 95.11 80 1 1 -1 -1 54.05 52.14
34 -1 0 0 0 75.49 76.58 81 -1 1 -1 -1 72.69 72.50
35 -1 -1 1 1 80.15 81.93 82 1 1 1 58.71 66.88
36 -1 -1 1 -1 75.49 74.88 83 0 0 0 0 95.99 95.11
37 1 -1 1 -1 53.12 56.54 84 1 1 -1 1 67.10 64.01
38 -1 1 1 68.03 67.01 85 -1 -1 -1 1 77.35 77.97
39 0 1 0 0 90.40 96.09 86 -1 1 1 1 82.01 81.49
40 -1 1 1 1 82.95 81.49 87 1 -1 1 1 69.89 67.01
41 1 -1 -1 -1 48.46 46.53 88 0 0 0 0 94.13 95.11
42 -1 0 0 0 77.35 76.58 89 0 0 0 0 94.13 95.11
43 0 0 0 95.06 95.11 90 0 0 0 0 95.06 95.11
44 0 0 0 1 98.79 99.68 91 0 0 0 -1 91.33 90.22
45 -1 1 1 -1 78.29 76.77 92 1 -1 -1 1 64.31 60.72
46 1 0 0 61.51 58.95 93 -1 -1 -1 -1 68.97 67.19
47 0 0 0 1 99.72 99.68
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2.7. Statistical analysis

The experimental design by the CCD is given in Table 3.
The most commonly used second-order polynomial equation
developed to fit the experimental data and to determine the
relevant model terms can be written as:

Y= Bo + iBiXi + Zk:ﬁiiXiz + kii Zk: ﬁi/' Xin te @)
i=1 i=1

i=j i=j+1

where Y represents the predicted response (the COD removal
by the photonanocatalytic process); {3, is the constant coeffi-
cient (the intercept of the multiple regression line), {3, is the
linear coefficient, 3, is the quadratic coefficients, [31,], is the inter-
action coefficients, and ¢ is the error of prediction; and X, and
X are the coded values of the independent process variables
[18,22]. In fact, there are two methods for estimation model
parameters: least squares and maximum likelihood. The latter
method was employed for estimation. This method maximizes
likelihood function that leads to parameter estimators [14-16].

For this study, data were analyzed by the analysis of
variance (ANOVA), and the mean values were considered
the significant difference when p < 0.05. The optimal values
of the operation parameters were estimated by the three-
dimensional response surface analysis of the independent
variables and the response. The experimental values of COD
degradation rate under various experimental conditions are
shown in Table 3. The main effects and interactions between
factors were determined. The equation expresses the relation-
ship between the predicted response and independent vari-
ables in coded values according to Tables 2 and 3. Regression
analysis, optimization process, and all statistical analysis
were performed by MINITAB V.16.

3. Results and discussion
3.1. Statistical modeling and optimization of influencing factors
3.1.1. Model fitting and statistical analysis

An empirical second-order polynomial equation was
established, which was written in terms of actual factors as
follows:

Y (COD removal efficiency%)
=95.11-8.82pH +1.29 CuO+ 2.64time + 4.73 UV - 27.35pH?
—0.32Cu0O” +0.64 time* —0.17 UV + 0.08 pH x CuO + 0.58 pH x time
+0.85pH x UV - 0.85CuO x time —0.58 CuO x UV -0.93 timexUV + ¢

®)

Table 4
ANOVA results for the response surface quadratic model
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ANOVA results indicated that the regression model is
highly significant (p < 0.001). It means that the fitted model
explains a high portion of COD removal variability (Table 4).
The F value for the model is 211.54. There is only a 0.1%
chance that the F value of model could occur because of noise.
A lack-of-fit value of 1.26 implies that the lack-of-fit is not sig-
nificant relative to the pure error when p value is 0.271 and
>0.05; this also supports the fitness of the model. The R? value
for this response variable is higher than 0.80, which indicates
that the regression model explains well the COD degrada-
tion process by CuO photocatalysis well. The R? value is
0.9743 and Adj. R* is 0.9697 for the COD degradation rate.
This implies that 96.97% of the variations for percent COD
removal are explained by the independent variables, and this
also means that the model does not explain only about 3.03%
of variation.

In the present study, the independent variables of the
quadratic model, including pH value, reaction time, UV
radiation, and the second-order effect of pH (pH*pH) value
are highly significant parameters at p < 0.001. Moreover,
the first-order effect of CuO dose and interactions between
the pH value and UV radiation (pH*UV), CuO dose and time
(CuO*time), and time and UV radiation (time*UV) are signif-
icant at p <0.05. Additionally, the value of p > 0.05 means that
the model terms are insignificant. Table 5 shows the inter-
actions between pH value and CuO (pH*CuO), pH value
and time (pH*time), CuO dose and UV radiation (CuO*UV),
and the second-order effect of CuO dose (CuO*CuO), time
(time*time), and UV radiation (UV*UV) are insignificant.
According to the monomial coefficient value of regression
model, the order of priority among the main effect of impact
factors is UV > time > CuO > pH.

Usually, graphical method used to validate models, and
also characterizes the nature of models residuals. A residual
is well defined as the difference between an observed value
Y and its fitted Y [15]. In the normal probability plot, this
was used to check the normality distribution of the resid-
uals as shown in Fig. 2. Also, if the model is correct and if
the assumptions are satisfied, the residuals should be struc-
tureless; they should be unrelated to any other variable,
including the predicted response. Normal probability plot
and histogram of the residuals (Fig. 2) supported that resid-
uals approximately follow normal distribution and constant
of variation were also confirmed based on residuals vs. fit-
ted values plot. Furthermore, based on the residual plots
and histogram of the residuals for COD removal efficiency
in photonanocatalytic process on dairy wastewater (CuO/
UV), the quadratic model well satisfied the ANOVA. On the
other hand, the residual plots indicated a normal distribution

Source Degrees of freedom  Seq. sum of squares ~ Adj. sum of squares  Adj. mean squares Fvalue p Value
Model 14 22842.7 22842.7 1631.62 211.54 <0.001
Residual error 78 601.6 601.6 7.71

Lack-of-fit 10 94.0 94.0 9.40 1.26 0.271
Pure error 68 507.7 507.7 7.47

Total 92 234443
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Table 5

Multiple linear regression analysis for the photocatalytic degradation of COD
Term Coefficient estimate Degrees of freedom (DF) Standard error F value T p calue (Prob > F)
Constant 95.1128 1 0.4757 - 199.960  <0.001 Significant
Linear
pH -8.8192 1 0.3779 544.52  -23.335 <0.001 Significant
CuO 1.2944 1 0.3779 11.73 3.425 <0.001 Significant
Time 2.6406 1 0.3779 48.82 6.987 <0.001 Significant
uv 4.7289 1 0.3779 156.56 12,512 <0.001 Significant
Square
pH*pH —27.3472 1 0.9953 754.88 27475 <0.001 Significant
CuO*CuO  -0.3202 1 0.9953 0.10 -0.322  0.749
Time*time 0.6118 1 0.9953 0.38 0.615  0.541
uv*uv -0.1649 1 0.9953 0.03 -0.166  0.869
Interaction
pH*CuO 0.0777 1 0.4009 0.04 0.194  0.847
pH*time 0.5825 1 0.4009 211 1453  0.150
pH*UV 0.8543 1 0.4009 4.54 2131  0.036 Significant
CuO*time  -0.8543 1 0.4009 4.54 -2.131  0.036 Significant
CuO*UV -0.5825 1 0.4009 2.11 -1.453  0.150
Time*UV -0.9320 1 0.4009 541 —2.325 0.023 Significant

Note: S =2.77726, PRESS = 907.754, R* = 97.43%, R* (Pred.) = 96.13%, R? (Adj.) = 96.97%.

lending support to the conclusion that pH, CuO dose, reac-
tion time, and UV radiation are highly significant terms,
whereas, pH*UV, CuO dose*time, and time*UV interaction
effects are significant terms. Fig. 2 also showed a good cor-
relation between the experimental and the predicted val-
ues with R? value of 0.9743 and indicated good agreements
between the experimental and predicted values of COD
removal efficiency.

3.1.2. Effect of variables as response surface and counter plots

In order to gain insight about the effect of each variable,
three-dimensional (3D) and contour (2D) plots for the pre-
dicted responses were formed, based on the model poly-
nomial function to analyze the change of the response. The
surface 3D and contour plots of the quadratic model with
two variables kept constant at their zero level, and the other
two varying within the experimental ranges were shown
in Figs. 3(A-F). Response surface plots provide a method
to predict the degradation efficiency for different values of
the tested variables and the contours of the plots help in
the identification of the type of interactions between these
variables.

The interaction effects of pH and CuO dosage on COD
reduction are shown in Figs. 3(A-1) and (A-2), while the other
variables (UV light intensity and reaction time) were hold at
central level (15 W and 30 min, respectively). As can be seen
in the plots, the interactions effects of pH value and CuO con-
centration on the degradation rate of COD depict a spheri-
cal response surface; there is a local maximum region under
the certain ranges of pH value and CuO concentration. In
addition, there is an increase in the degradation rate of COD
with an increase of pH from 3 to 7 whether CuO dose at the
high level. The results are in accordance with the preliminary

experimental results. More information of the interaction
between pH value and CuO dose can be obtained from the
contour plots. An increase in the degradation rate of COD
can be observed with pH value from 3 to 7 and CuO dose
from 0.02 to 0.05 g/L. However, both pH value and CuO dose
beyond 11 and 0.02 g/L result in a decrease in degradation
rate of COD.

Actually, increasing the pH of a solution from 3 to 7 causes
the acceleration of the COD degradation rate and increasing
the pH from 7 to 11 causes decreasing the COD removal
efficiency through heterogeneous (catalytic) reaction. These
reactions resulted in the formation of highly active radicals
(hydroxyl radical and others radicals, such as OH, HO,,
and HO,), and therefore, can enhance the degradation rate
of pollutants [23-25]. Also as presented in Figs. 3(A-1) and
(A-2), by increasing the amount of CuO nanoparticles and
pH variables from 3 to 7, COD removal efficiency increases
because at acidic and neutral pH conditions, production of
hydroxyl radicals increases in the process, and in this case
more amounts of CuO also provides favorable conditions for
COD removal. At pH 7 and with consumption of 0.05 g of
CuO nanoparticles, more than 90% removal efficiency was
obtained.

The effects of pH value and reaction time on the degra-
dation rate of COD are shown in Figs. 3(B-1) and (B-2). From
the figure it can be seen the interaction effects of pH value
and reaction time on the degradation rate of COD depict a
bell-shaped response surface. With the pH value and reaction
time up to the optimum points, the degradation rate of COD
approaches the maximum level. However, the trend of COD
degradation rate goes downward after the optimum points
of pH value and time. The contour plots show the optimum
region of COD degradation rate is pH value in the range of
3-7 and reaction time in the range of 10-60 min, respectively.
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Fig. 2. Residual plots for COD removal efficiency in photonanocatalytic process on dairy wastewater (CuO/UV).

At pH 7 and at 60 min, more than 90% removal efficiency was
obtained.

The effects of pH and UV light intensity on COD deg-
radation rate are shown in Figs. 3(C-1) and (C-2). From the
response surface figure, it is clear that the degradation rate of
COD gradually increases with UV intensity increasing; how-
ever, the trend of COD degradation rate is decreased under
the higher level of pH (7-11). The contour plots show the
optimum region of COD degradation rate is pH in the range
of 3-7 and UV light intensity in the range of 8-30 W, respec-
tively. This may lead to conclusion that the COD degradation
rate significantly decreases when pH goes from 7 to 11 and
UV are at low intensity. At pH 7 and at UV light intensity
equal 30 W, more than 90% removal efficiency was obtained.

To avoid an ineffective excess of catalyst and also to ensure
a total absorption of efficient photons, the optimum dose of
the CuO nanoparticles as photocatalyst needs to be found.
Figs. 3(D-1) and (D-2) show the response surface and con-
tour plots of COD photocatalytic degradation efficiency as a
function of CuO dosage and reaction time. From the response
surface figure, it is clear that the degradation rate of COD
gradually increases with both CuO concentration and reac-
tion time increasing. The contour plots show the optimum
region of COD degradation is CuO concentration in the range
of 0.02-0.05 g/L and reaction time in the range of 10-60 min,
respectively. This may lead to conclusion that the COD deg-
radation rate significantly increases and decreases when CuO
concentration and reaction time are too high or too low.

Figs. 3(E-1) and (E-2) show the response surface plot and
contour plot of COD removal as a function of CuO dose and

UV light intensity, while the pH value of a solution and reac-
tion time were fixed at its middle level (7 and 30 min). As
shown in Fig. 3E, by simultaneously increasing the dose of
CuO nanoparticles and UV light intensity, COD degrada-
tion efficiency increases too. The reason of this observation
is thought to be the fact that UV light intensity determines
the extent of light absorption by the photocatalyst to form
electron-hole pairs which results in the overall pollutant con-
version. In other words, higher light intensity provides higher
energy for more CuO nanoparticles to produce electron-hole
pairs [26]. Also, the increase of COD degradation with an
increase in the dose of CuO nanoparticles could be related
to the increase of active sites on the catalyst available for
interaction with UV [27,28]. Similar findings were reported
by Benhebal et al. [28] and Dehghani and Fadaei [29] on pho-
tocatalytic degradation of phenol and benzoic acid using zinc
oxide powders and photocatalytic oxidation of organophos-
phorus pesticides using zinc oxide, respectively.

Figs. 3(F-1) and (F-2) illustrate the effect of UV light
intensity and reaction time on COD degradation efficiency
at fixed condition for pH value of 7 and CuO dosage of
0.03 g/L. As it is obvious from Fig. 3F, COD degradation
efficiency increased with increasing UV light intensity
and reaction time. It may be explained on the basis that as
light intensity was increased, the number of photons strik-
ing per unit area per unit time also increases, resulting into
higher rate of COD degradation [30]. Similar findings were
reported by Kunwar et al. [30] on photocatalytic degradation
of monocrotophos catalyzed by C-TiO,. Also, the increase of
degradation efficiency with increasing of irradiation time
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Fig. 3. The interaction effects of pH and CuO (A-1, A-2), pH and Time (B-1, B-2), pH and UV (C1-C-2), CuO and Time (D-1, D-2),
CuO and UV (E-1, E-2), and Time and UV (F-1, F-2) on the COD degradation.

during photocatalytic degradation of pesticides, azo dyes,
and aniline were reported by Dehghani and Fadaei [29],
Sakthivel et al. [31], and Bazrafshan et al. [32], respectively.

3.1.3. Optimization of influencing factors by RSM

The main objective of the optimization in this work is
to determine the optimum values of variables for photocat-
alytic degradation process, from the model obtained using
experimental data. The desired goal in term of degradation
efficiency was defined as “target’ to achieve highest treatment
performance. The optimum values of the process variables
for the maximum degradation efficiency were 7.2 (0.14),
0.05 g (1), 60 min (1), and 30 W (1) for pH, CuO dosage,
time, and UV light intensity, respectively. At these optimum
values, the predicted COD removal efficiency was 99.99%

(Fig. 4). After verifying by a further experimental test with
the predicted values, the result indicated that the maximal
degradation efficiency was obtained when the values of each
parameter were set at the optimum values (Table 6). It implies
that the strategy to optimize the COD degradation conditions
and to obtain the maximal degradation efficiency by RSM for
photocatalytic degradation by CuO nanoparticles of COD in
dairy wastewater in this study is successful.

4. Conclusion

The photocatalytic degradation of COD in the presence
of CuO nanoparticles in the treatment of dairy wastewater
was investigated in the present study, focusing on the influ-
ence of some parameters, such as UV radiation, CuO dos-
age, reaction time, and pH. The multivariate experimental
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Fig. 4. Response optimization plot of maximum COD removal (%).

Table 6
Optimum values of the process parameter for constraint condi-
tions and their experimental values

Parameter Optimum COD degradation rate (%)
value Predictive Experimental
pH 7.2 99.99 98.36
CuO 0.05 g/L
Time 60 min
uv 30W

design was employed to establish a quadratic model as
the functional relationship between the degradation rate
of COD and the four independent variables. In the present
study, the RSM was successfully employed to find out the
significance of factors at different levels during COD pho-
tonanocatalytic degradation process. The optimal values of
process parameters under the related constraint conditions
were as follows: 7.2, 0.05 g, 60 min, and 30 W for pH, CuO
dosage, reaction time, and UV light intensity, respectively,
that the degradation rate of COD approached 99.99%. Also,
it was noted that the four parameters tested had significant
effects on the degradation rate of COD, which was veri-
fied by our statistical analysis R* and Adj. R* value of 0.97.
In addition, a satisfactory goodness-of-fit was observed
between the predictive results and the experimental results.
The results of this study have clearly indicated that RSM is a
useful tool for optimizing process conditions of COD degra-
dation by CuO nanoparticles photocatalysis in the treatment
of dairy wastewater.
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