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Abstract

The aim of this study is to investigate the performance of
the solar photocatalyst of TiO2/ZnO/Fenton process to
treat the refinery wastewater and remove inorganic carbon
(IC) which potentially toxic to human, aquatic and
microorganism life. Central composite design with
response surface methodology was used to evaluate the
relationships between operating variables for TiO2 dosage,
ZnO dosage, Fe?* dosage, H.0, dosage, and pH to identify
the optimum operating conditions. Quadratic models for
inorganic carbon (IC) removal and residual iron prove to be
significant with low probabilities (<0.0001). The (IC)
removal rates and residual iron correspond well with the
predicted models. The maximum removal rate for IC and
residual iron was 92.3% and 0.013, respectively at optimum
operational conditions of a TiO2 dosage (0.3 g/l), ZnO
dosage (0.58 g/l), Fe?* dosage (0.02 g/l), H20; dosage (2.7
g/l), and pH (7). The treatment process achieved higher
degradation efficiencies for IC and reduced the treatment
time comparing with other related processes.

Keywords: Advanced oxidation process (AOP); Petroleum
wastewater; Inorganic carbon (IC); Response surface
methodology (RSM); Solar photo-catalyst of
TiO2/ZnO/Fenton process

1. Introduction

The environmental dangers due to chemical pollution in
the water have become increasingly serious and directly
related to industrial development. The contamination of
water by carbon compounds has been recognized as an
issue of growing importance in recent years. The presence
of inorganic carbon compounds in wastewater such as
carbonyl sulfide, polyatomic ions and carbonate is
potentially toxic to human, aquatic and microorganism life.
Carbon compounds is considerable health concern, even at
low concentration and is well known human carcinogen.

Advanced oxidation processes (AOPs) have the capability of
rapid degradation of recalcitrant pollutants in the aquatic
environment (Gogate and Pandit 2004; De Morais and
Zamora, 2005). Depending on the techniques used the AOP
processes can be divided into two groups; Abiotic
degradation, (e.g. thermal degradation (combustion),
molten salt processes, wet oxidation, chemical oxidation,

acid-base hydrolysis) and photo-degradation, (e.g.
TiO2/H202/UV, 03/UV or 03/H202/UV processes, solar
photolysis, processes in vacuum ultraviolet and
photocatalysis)  (Sobczynski and Dobosz, 2001).
Remediation of hazardous substances is attributed to
hydroxyl radical (¢OH), which exhibits reactivity toward
organics (Kim et al.,, 2012; Aljuboury et al., 2015a), which
has a high oxidation potential (estimated to be 2.8 V)
relative to other oxidants (Al-Rasheed, 2005). The
generation of hydroxyl and superoxide radicals was more
in the TiO2 exposed to UV condition as compared to the
TiO2 exposed to visible light and dark condition (Mathur et
al., 2015).

Several techniques to enhance the production rate of
hydroxyl radical (¢OH) by catalysts (such as zinc oxide (ZnQ)
and titanium oxide (TiO2)), chemical additives (such as
H202), external energy (such as UV and sunlight), and the
integration of two or more AOPs (such as
ZnO/Fenton/sunlight) has been reported (Kim et al., 2012).
The photo-degradation efficiency of carbon compounds is
found to be dependent on nature and the concentration of
carbon compounds and the amount of photo-catalyst
(Barick et al., 2015).

Several previous studies have reported the enhanced
oxidation of contaminants by the integration of two or
more AOPs (such as ZnO/TiOz, ZnO/Fenton/sunlight and
TiO2/Fenton). Al Jabri and Feroz (2015) reported that the
removal efficiency of inorganic carbon for the combination
of ZnO/TiO2 process was 26% at 180 min in aqueous
solutions. Tony et al., 2009 reported that an 84% COD
removal in the diesel oil-water emulsion was achieved by
using Fenton/TiO2/UV while the using Fenton/ZnO/UV
under same conditions resulted in a reduction of about
18% in the COD removal efficiency. This result may be
because the surface area of TiO2 is more than that for ZnO.

The most common design under response surface
methodology (RSM) is central composite design (CCD)
which is efficient and flexible, providing sufficient data on
the effects of variables and overall experiment error with a
minimum number of experiments (Ahmad et al., 2005).

In this study, the combined photo-catalytic TiO2 and ZnO
with Fenton process were used for petroleum wastewater
treatment. The aims of this study were as follows:
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e To investigate the performance of solar
photocatalyst of TiO2/ZnO/Fenton process in
petroleum wastewater treatment.

e To evaluate the performance of employing this
process by a CCD with RSM to degradation of IC
from the petroleum wastewater.

e To evaluate the statistical relationships among
operating variables (such as TiO2 dosage, ZnO
dosage, Fe* dosage, H.0, dosage, and pH) and the
responses, which IC removal efficiencies and
residual iron were selected as the responses for
optimization.

e Todetermine the optimum operational conditions
of the proposed method.
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e To compare the proposed method with the
previous works.

2. Materials and methods
2.1. Sampling and characterization

Samples of the petroleum wastewater were collected from
SOR, Oman. Samples were transferred to the laboratory
and stored under refrigeration (4 °C) until use. Samples
were characterized before the experiments to obtain their
chemical and physical properties. The petroleum
wastewater characterization was determined by the
quantification of pH, IC according to the Standard Methods
for the Examination of Wastewater methodology. General

characteristics of the petroleum wastewater are
summarized in Tables 1.
Table 1. Characteristics of petroleum wastewater from SOR
Range of concentrations in The standard discharge
No Parameter Average -
petroleum wastewater limit*
1 pH 6-8 7 6<pH>9
2 Conductivity (uS/cm) 2600-3950 3275 <2700
3 TDS (ppm) 1200-1500 1350 <2000
4 TOC (ppm) 220 - 265 243 <50
5 IC (ppm) 45-59 52 <10
6 D.O. (ppm) 0.6-2.9 1.75 >5
7 Phenol (ppm) 70-90 80 0.001
8 Oil (ppm) 15-22 19 0.001
9 Iron (ppm) <0.01 <0.01 2
10 Sulfite(ppm) 12-15 13.5 1.0
2.2. Experimental procedure No: of experiments = 2% +2k +8 (1)

In the current study, the powder of ZnO and TiO2 Aeroxide
P-25 (manufactured by Evonik Industries Co., Germany)
were used for photo-catalytic oxidation of petroleum
wastewater. A schematic diagram of solar photo-catalyst
TiO2/ZnO/Fenton process is shown in Figure 1. It consisted
of a glass recirculation tank (1.5 L), which was subjected to
stirring to maintain a well-mixed solution during the
experiments, connected to the tubular solar reactor (four
tubes of 50 cm length x 2 cm inner diameter x 0.1 cm
thickness). The solution was recirculated through the
reactor at a flow rate of about 1.5 L/min using a peristaltic
pump. The chemical materials were added in a glass
recirculation tank in this process. The pH for petroleum
wastewater samples was adjusted between 3 and 7 during
the experiments. The tubular photo reactor was operated
under exposure category of very high (8-11) according to a
UV-index.

As shown in Table 2, each independent variable was varied
over three levels according to face-centered CCD as -1, O,
and 1, respectively, at the determined ranges base on a set
of preliminary experiments. The total number of
experiments conducted for the five factors according to
Equation (1) (Mohajeri et al., 2010a; El-Gendy et al., 2013).

Where:
k was the number of factors.

The design consisted of 2% factorial points augmented by 2k
axial points and eight replications for a center point. In this
work, the total number of experiments conducted for the
five factors was 50 with 32 factorial points, ten axial points
and eight replications to assess the pure error and got a
good estimate. The behavior of the system was explained
through an empirical second-order polynomial model, as
shown in Equation (2) (Montgomery 2008):

y=30+i B xj+i B, xj2+Zi B, XiX;+e, 2)
j=1 j=1

i <=2
Where:
Y is the response.
Xi and X; are the variables.
B is the regression coefficient.

k is the number of factors studied and optimize in the
experiment.

ei is the random error.
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Table 2. Central composite design (CCD) independent variables

Level of value

The actual factors The coded factors

Low level (-1) Center (0) High level (+1)
TiO2 (g L'Y) A 0.3 0.5 0.7
ZnO (g LY B 0.3 0.5 0.7
Fe' (g L) C 0.01 0.11 0.2
H.0: (g L) D 0.5 2.25 4.0
pH E 3 5 7

15cm -
) Y- -  — -
15cm ¥ |q— _.| - - 3 Iy
;4 50 cm x 2 cm inner diameter x 0.1 cm thickness Recircalsing
pipes
Flow |
control
A treated veiives
30 cm u ﬂ “ | 70 em
A peristaltic pump v

30 cm

Figure 1. Schematic diagram of solar photo-catalyst of TiO2/ZnO/Fenton process

Several sets of experiments were carried out to evaluate
the effectiveness of this process to treat the petroleum
wastewater and investigate the influence of important
operating parameters, including catalysts dosage and pH
on removal efficiencies of IC. The UV-index is calculated as
follows.

Solar UV radiation was measured by a global UV
radiometer (KIPP & ZONEN, I1SO 17166:1999/CIE SO07/E-
1998). The UV-index is calculated as follows.

Take the output from the UV-E radiometer according to ISO
17166:1999/CIE SO07/E-1998. Transform the output
voltage (v/m) to W/m? with the instruments sensitivity
(40 m?/W):

R(%) =0.168 R(%) (3)

UVl = R(%) * 40("’72) (4)

Where:

UVl is the UV-index;

R is the reading (R) in UV radiometer by (W/m?) unit.

CCD and RSM were employed in the statistical design of the
experiments. Data analysis, explaining the optimal
conditions of the independent variables and assessment of
the relationships among five significant independent
variables, which were TiO, dosage, ZnO dosage, Fe?

dosage, H202 dosage, and pH as shown in Tables 3 and 4
(Montgomery 2008).

Based on the IC values, the photo-catalytic degradation
efficiency is calculated by using Equation (5):
~ (o)o-(10)t
" (I0)o
Where:

(5)

X is photo-catalytic degradation of IC.

(IC)o and (IC): stand for the initial and after any irradiation
time, IC values.
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Table 3. Responses values for different experiment conditions for the solar photo-catalyst of TiO2/ZnO/Fenton process.

Factors Responses
Run TiO: ZnO Fe*? H20: IC removal Residual iron
(gLl (gL (gL (gL PH Initial IC (ppm) Final IC (ppm)  IC removal (%) (ppm)
1 0.3 0.7 0.2 0.5 7 55 22 60 6.5
2 0.7 0.3 0.2 4 3 55 17.6 68 8.5
3 0.7 0.3 0.01 0.5 3 55 20.4 63 4.5
4 0.5 0.5 0.1 0.5 5 55 20.4 63 9.5
5 0.7 0.3 0.2 4 7 55 9.35 83 0
6 0.3 0.7 0.2 4 7 55 6.6 88 2.5
7 0.7 0.3 0.01 4 3 55 14.9 73 2
8 0.7 0.3 0.2 0.5 7 55 13.2 76 4
9 0.7 0.5 0.1 2.25 5 55 6 89 2
10 0.7 0.7 0.01 0.5 3 55 13.8 75 9
11 0.5 0.3 0.1 2.25 5 55 21.5 61 3.5
12 0.5 0.5 0.1 2.25 5 55 29.7 46 6
13 0.5 0.5 0.1 2.25 5 55 23 58 4.5
14 0.3 0.7 0.2 4 3 55 3.3 94 1.5
15 0.3 0.3 0.01 0.5 7 55 13.8 75 2.7
16 0.7 0.7 0.2 4 3 55 22.5 59 4
17 0.5 0.5 0.01 2.25 5 55 20.3 63 3
18 0.3 0.5 0.1 2.25 5 55 13.2 76 2.5
19 0.7 0.3 0.01 4 7 55 18 67.35 3.4
20 0.3 0.3 0.2 0.5 7 55 19.3 65 6
21 0.5 0.5 0.1 2.25 3 55 18.7 66 6.5
22 0.5 0.5 0.1 2.25 5 55 21.4 61 3
23 0.3 0.7 0.01 4 7 55 17.6 68 3.5
24 0.5 0.5 0.2 2.25 5 55 21 62 9
25 0.7 0.7 0.01 0.5 7 55 19.8 64 11
26 0.7 0.3 0.01 0.5 7 55 20.4 63 3.5
27 0.5 0.5 0.1 2.25 5 55 17.9 67.5 3.62
28 0.3 0.7 0.01 0.5 7 55 22.6 59 6.5
29 0.3 0.7 0.01 4 3 55 18.7 66 4
30 0.3 0.7 0.2 0.5 3 55 23.7 57 3.5
31 0.3 0.7 0.01 0.5 3 55 18.7 66 3.5
32 0.3 0.3 0.01 4 3 55 14.3 74 5
33 0.7 0.7 0.2 4 7 55 18.2 67 3.55
34 0.5 0.7 0.1 2.25 5 55 24.8 55 10
35 0.3 0.3 0.2 0.5 3 55 17.9 67.4 3.52
36 0.5 0.5 0.1 2.25 5 55 7.7 86 0
37 0.7 0.7 0.01 4 3 55 17.6 68 4
38 0.7 0.7 0.2 0.5 7 55 11 80 3
39 0.3 0.3 0.2 4 7 55 16 71 2.5
40 0.5 0.5 0.1 2.25 7 55 13.8 75 4.5
41 0.5 0.5 0.1 2.25 5 55 17 69 3.5
42 0.5 0.5 0.1 4 5 55 11.6 79 9
43 0.3 0.3 0.01 4 7 55 18.7 66 3.6
a4 0.3 0.3 0.2 4 3 55 17.6 68 5
45 0.7 0.7 0.2 0.5 3 55 28.6 48 55
46 0.3 0.3 0.01 0.5 3 55 17.9 67.5 3.52
a7 0.7 0.7 0.01 4 7 55 13.2 76 10
48 0.5 0.5 0.1 2.25 5 55 14.8 73 6.5
49 0.7 0.3 0.2 0.5 3 55 154 72 11
50 0.5 0.5 0.1 2.25 5 55 23.1 58 4
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Table 4. ANOVA results and adequacy of the quadratic models for IC removal efficiency and residual iron (RI)

Source S.S. DF MS F-Value Prob >F
IC Model 4472.57 16 279.54 52.01 <0.0001
A 1.88 1 1.88 0.35 0.558
B 8.5 1 8.5 1.58 0.2174
C 474.38 1 474.38 88.26 <0.0001
D 98.94 1 98.94 18.41 0.0001
E 0.029 1 0.029 5.47E-03 0.9415
A? 105.77 1 105.77 19.68 <0.0001
B? 793.06 1 793.06 147.56 <0.0001
E2 2185.78 1 2185.78 406.69 <0.0001
AB 318.78 1 318.78 59.31 <0.0001
AD 52.53 1 52.53 9.77 0.0037
AE 225.78 1 225.78 42.01 <0.0001
BC 26.28 1 26.28 4.89 0.0341
BD 22.78 1 22.78 4.24 0.0475
CD 94.53 1 94.53 17.59 0.0002
CE 57.78 1 57.78 10.75 0.0025
DE 750.78 1 750.78 139.69 <0.0001
Residual 177.36 33 5.37
Lack of Fit 173.68 26 6.68 12.69 0.001
Pure Error 3.68 7 0.53
Cor Total 4649.93 49
RI Model 356.4 17 20.96 161.88 <0.0001
A 3.43 1 3.43 26.49 <0.0001
B 4.03 1 4.03 31.09 <0.0001
C 3.69 1 3.69 28.49 <0.0001
D 4.1 1 4.1 31.62 <0.0001
E 4.82 1 4.82 37.21 <0.0001
B2 17.68 1 17.68 136.48 <0.0001
c? 1.5 1 1.5 11.58 0.0018
E2 4.75 1 4.75 36.71 <0.0001
AB 16.25 1 16.25 125.44 <0.0001
AC 4.35 1 4.35 33.6 <0.0001
AD 25.92 1 25.92 200.15 <0.0001
AE 44.65 1 44.65 344.79 <0.0001
BC 11.04 1 11.04 85.29 <0.0001
BD 154 1 154 1189.16 <0.0001
CD 8.82 1 8.82 68.11 <0.0001
CE 3.25 1 3.25 25.11 <0.0001
DE 19.22 1 19.22 148.41 <0.0001
Residual 4.14 32 0.13
Lack of Fit 4.11 25 0.16 35.77 <0.0001
Pure Error 0.032 7 4.60E-03
Cor Total 360.55 49
2.3 Analytical study The analysis of variance (ANOVA) was used for graphical

A Shimadzu TC analyzer (LCSH/CSN) was used to measure
the IC for each sample. IC was tested before and after
treatment. Before each analysis, samples were filtered by
filter papers (0.22 um Millipore Durapore membrane, 40
Ashless, diameter 150 mm) to separate the solid catalyst.

3. Results and discussion

3.1. Experimental design and the analysis of variance

analysis of data to obtain the interaction between the
process variables and the responses. The quality of the fit
polynomial model was expressed by coefficient of
determination (R2?). Model terms were evaluated by the P-
value (probability) with 95% confidence level. All of the
response surface quadratic models for parameters in Table
4 were significant at the 5% confidence level since the P-
values were less than 0.05. The coefficients of
determination (R?) for the IC removal rate and residual iron
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(RI) were 0.962 and 0.988 respectively, which were greater
than 0.80, the cut-off for a model with good fit.

A high coefficient (R?) value ensured a satisfactory
adjustment of the quadratic model to the experimental
data and illustrated good agreement between the
calculated and observed results and showed that a
desirable and reasonable agreement with the adjusted R?
(Abu Amr et al., 2013).

If the model terms had the P-value (probability) more than
0.05, they were considered limited influence. So, they must
be excluded from the study to improve the models. The
models of IC removal and RI were considered significant
using the F-test at 5% significant level (Prob <0.05).
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If the adequate precision (AP) ratio values are higher than
4, they are considered desirable and confirm that the
predicted models could be used to navigate the space
defined by the CCD (Noordin et al., 2004). So, the ‘AP’ ratio
values of the models in this study were considered
adequate because they were 32.94 and 51.38 (higher than
4).

Empirical relationships among the variables and IC removal
efficiency after excluding insignificant coefficients were
presented by the following polynomial Equations (6) and

(7):

IC Removal=65.12- 0.24A +0.5B -3.74C -1.71D -0.03E -6A? -16.5B2 +27.5E2 +3.2AB -1.3AD -2.7AE -0.9BC -0.8BD -1.7CD -1.3CE +4.8DE (6)

Residual iron=3.52 -0.3A -0.3B +0.33C +0.4D +0.4E +2.5B% +0.72C? -1.28E2 +0.7AB -0.37AC +0.9AD +1.18AE +0.59BC +2.19BD +0.52CD -0.3CE -0.8DE (7)

Where:

A, B, C, D and E were model terms that represent coded factors TiO2 dosage, ZnO dosage, Fe*? dosage, H-02 dosage, and

pH, respectively.

Final equations in terms of actual factors were presented by the following Equations (8) and (9):

IC Removal= 104.5 +151.8TiO, +387Zn0 +43.2Fe*2 -3.8H202 -67.7pH -151(Ti02)? -413.5(Zn0)? +6.9(pH)? +79Ti02ZnO -3.6TiO2H.02 -6.6TiO2pH

-47.7Zn0OFe*2 -2.4Zn0H,0; -10.3Fe*?H,0; -7Fe*?pH +1.4H,0,pH

Residual iron =31.5 -29Ti0, -89.7Zn0 -17.7Fe*? -3.5H,0, +2.6pH +61.7(Zn0)? +79.7(Fe*?)? -0.3(pH)? +17.8Ti02Zn0 -19.4TiO2Fe*? +2.6TiO2H20;
+2.9TiO2pH +30.9ZnOFe*? +6.3Zn0H;0; +3.2Fe*?H20; -1.7Fe*?pH -0.2H,0,pH

The effects of the model terms on the IC removal
efficiencies and Residual iron (RI) could be easily seen from
Equations (17) and (18).

As can be seen in these equations, the first order effects of
TiO2 dosage, ZnO dosage, Fe*? dosage, H20, dosage, and pH
and second-order effects of TiO, dosage (A%) and ZnO
dosage (B?), and second-order effect of pH (E?) as well as
the interaction (AB), (AD), (AE), (BC), (BD), (CD), (CE), and
(DE) produced the main effect on the IC removal efficiency
while for the residual iron (RI), the first order effects of TiO>
dosage, ZnO dosage, Fe*? dosage, H.0; dosage, and pH and
second-order effects of ZnO dosage (B?) and Fe*? dosage
(C?), and second-order effect of pH (E2) as well as the
interaction (AB), (AC), (AD), (AE), (BC), (BD), (CD), (CE), and
(DE) produced the main effect on the residual iron (RI).

3.2. Three-dimensional plots of the regression and
optimization process

Design Expert 6.0.7 was used to determine optimization of
removal efficiency for IC. As shown in Figure 2, the
response surfaces plots were created by Design Expert
6.0.7 and provided a three-dimensional view of the IC
removal efficiencies and Residual iron (RI) surface over the
independent variables. The main factors of this process
that improved the IC removal efficiencies were TiO2 dosage
and ZnO dosage.

(8)

(9)

N
R
Sy

NN

IC Removal

=
B:Zn0 0307 0.30

Residual iron

0.30° 0.30

Figure 2. Response surface models for IC removal
efficiencies and residual iron (RI) by the solar photo-
catalyst of TiO2/ZnO/Fenton process
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According to the optimization step in the software Design
Expert 6.0.7, the desired goals for the operational
conditions (i.e., TiO2 dosage, ZnO dosage, and pH) were
chosen as “within” the range while (H20; and Fe?* dosage)
were chosen as “within” the minimum range to reduce the
treatment cost.

The response (IC removal) were defined as “maximum” to
achieve the highest performance while the residual iron
response was defined as “within” the minimum range to
evaluate the optimum amount of Fenton consumed for the
optimal removal of IC.

ALJUBOURY and PALANIANDY

The program combined individual desirability into a single
number and then search to optimize this function based on
the response goal. The model under optimized operational
conditions predicted the IC removal rate was
approximately 92.3, and the desirability function was
0.912. To confirm these results, an additional experiment
under optimized operational conditions was carried out
which revealed agreement with the predicted responses as
shown in Table 5.

Table 5. Optimization results for maximum IC removal efficiency and minimum residual iron (RI) by the solar photocatalyst

of TiO2/ZnO/Fenton process

TiO2 Zn0O H20: Fe*? IC
H RI m Desirabilit
) (gL gl gy Py RVem) v
Selected solution 0.3 0.58 0.02 2.7 7 92.3 0.013 0.912
Lab experiments 0.3 0.58 0.02 2.7 7 90.5 0.015 -

The results of this search were compared with those of
other works that treated the wastewater by approximately
the same methods, for example, Al Jabri and Feroz (2015)
reported that using the combination of ZnO/TiO2 process
to remove inorganic carbon (IC) achieved 26% of removal
efficiency at 180 min in aqueous solutions. However, this
method (the solar photocatalyst of TiO2/ZnO/Fenton
process) revealed that it was well efficient in petroleum
wastewater treatment, achieving the highest removal rates
for IC 90.5% at pH 7 and more economic by free energy
(solar energy).

3.3. Effect of reaction time

It was found from the experiments that the photocatalytic
reactions increase the inorganic carbon (IC) removal value
with time as illustrated in Figure (3).

—#—IC removal (%)

09
08
07
06
05
04
03
02

01

] 60 120 180 240

Time (min)

Figure 3. Variation in degradation rate of inorganics
carbon (IC) during the solar photo-catalyst of
TiO2/ZnO/Fenton process at pH 7

However, sometimes decrease the inorganic carbon (IC)
removal. The possible reasons might be the photocatalytic
reactions oxidize pollutants and produce CO:, which is
considered inorganic. It can be seen from Figure (3) that
inorganics are produced and consumed. This process
achieved higher degradation efficiencies for IC and reduced

the treatment time comparing with different processes
under pH 7 as shown in Figure (4).

" Zn0 alone = Fenton alone

B Ti02/Zn0O/Fenton

TiO2 alone

180

DR -

120

Time (min)

RN

COD removal (%)

Figure 4. Comparing treatment time of the solar
photocatalyst TiO2/ZnO/Fenton process with different
processes under pH 7.

3.4. Effect of TiO2 and ZnO dosage

In the solar photocatalyst of TiO2/ZnO/Fenton process, the
TiO2 and ZnO are two major chemicals that determine the
operational efficacy as well as the costs. In order to
maximize the effectiveness of the process, it is important
to determine the optimal TiO2/ZnO ratio. The optimization
of catalyst concentration is key factor in achieving a
satisfactory design (Akpan and Hameed, 2009). In TiO2/Zn0O
oxidation, the reaction is activated by absorption of a
photon with sufficient energy (equal or higher than the
band-gap energy of the catalyst). The absorption leads to a
charge separation due to promotion of an electron (e’)
from the valence band of the semiconductor catalyst such
as TiOz or ZnO to the conduction band, thus generating a
hole (h) in the valence band (Gaya and Abdullah, 2008;
Eydivand and Nikazar, 2015). The relevant reactions at the
semiconductor surface (such as TiO2) governing the
degradation of pollutants can be expressed as the following
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equations (Konstantinou and Albanis, 2004; Eydivand and
Nikazar, 2015):

TiOz2 + hv(UV) = TiO2(e"cs +h*vs) (10)
TiOz(h*ve) + H20 = TiO2 + H* + "OH (112)
TiO2(h*vs) + OH - TiO2 + ‘OH (12)
TiOz(e'cs) + 02 = TiO2 + 02" (13)
‘07 + H" > HO» (14)
M +:OH - degradation products (15)
M +h*ve - oxidation products (16)
M +ec -> reduction products (17)
Where:

M: is the molecule of the pollutant

hv: is the photon energy required to excite the
semiconductor electron from the valence band (VB) region
to conduction band (CB) region

The oxidation occurs when a reactant loses electrons
during the reaction while reduction occurs when a reactant
gains electron during the reaction. When combined TiO>
and ZnO, charge transfer can be enhanced, and the
production of hydroxyl radical is also increased. Cheng et
al., (2014) monitored charge transfer from ZnO to TiOz. In
addition, Tony et al., (2009) reported that the presence of
TiO2 is not only essential for the hydroxyl radicals (¢OH)
production, but also for the adsorption of the oil molecules
on the TiOz surface.

Consequently, particular attention must be paid to TiO>
and ZnO dosages in order to avoid the increase of turbidity
in the petroleum wastewater during the solar
photocatalyst of TiO2/ZnO/Fenton process, which hinders
the absorption of the sunlight required for this process,
occurring in the presence of an excess of each of the two
catalysts. The maximum removal efficiency of IC was 58%
at a TiO2/Zn0 ratio of 0.52 and a TiO2 dosage of 0.3. This
behavior is in agreement with the findings by Al Jabri and
Feroz, (2015) reported that the removal efficiency of
inorganic carbon for the combination of ZnO/TiO: process
was 26% at 180 min in aqueous solutions.

Various reasons for this behavior have been offered
without much conviction or quantification. A possible
explanation is that increased turbidity of the solution
reduced the light transmission through the solution, while
below this level of concentration, it was assumed that the
catalyst surface and the absorption of light by TiO2 particles
were limiting (Mehrotra et al., 2003; Heredia et al., 2001).

Another case may be that of a near total light extinction
which occurred by catalyst particles at an optimum
concentration (Bickley et al., 2005; Ahmed et al., 2010;
Adesina et al., 2004). It seems that excess of each of the
two catalysts has reverse effect by increase of turbidity in
the wastewater and hinders the absorption of the sunlight.
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However, many authors have observed a reverse effect
occur when the TiO2 concentration increased to higher
than the optimum value, the degradation rate declined due
to the blocking of light penetration or the scattering and
the interference of the light by the suspension. This, in turn,
resulted in a reduction of the available active sites on the
photocatalyst surface (Alhakimi et al., 2003; Chakrabarti
and Dutta, 2004; Gaya and Abdullah, 2008; Ehrampoush et
al., 2011; Eydivand and Nikazar, 2015).

3.5 Effect of pH

In order to maximize the effectiveness of this process, it is
necessary to determine the optimal operational pH. The pH
is an important parameter in the photo-catalyst of
TiO2/ZnO/Fenton process because the pH affects the
charge on catalyst particles, size of catalyst aggregates, and
the positions of conductance and valence bands (Eydivand
and Nikazar, 2015).

Due to the nature of the TiO2 catalyst used, any variation in
the operating pH is known to affect the isoelectric point or
the surface charge of the photo-catalyst. Many reports
have used the point of zero charge (PZC) of TiO2 to study
the impact of pH on photo-catalytic oxidation performance
(Chong et al., 2010).

The PZC is a condition where the surface charge of TiO: is
zero or neutral and lies in the pH range of 4.5 to 7.0,
depending on the catalyst used. At the PZC of TiO,, the
interaction between the photo-catalyst particles and
wastewater contaminants is minimal due to the absence of
any electrostatic force. When the operating pH is below the
pH at PZC (TiO2), the surface charge for the catalyst
becomes positive and gradually exerts an electrostatic
attraction force towards the negatively charged
compounds. Such polar attractions between TiO2 and
charged anionic carbon compounds can intensify the
adsorption onto the photon activated TiO: surface for
subsequent photo-catalytic reactions (Gogniat et al., 2006).
This is particularly significant when the anionic carbon
compounds are present at a low concentration level. At
operating pH above the pH at PZC (TiO2), the catalyst
surface will be negatively charged and repel the anionic
compounds in water (Chong et al., 2010).

Gogate and Pandit, (2004) reported that the influence of
initial pH on the photo-catalytic process is more complex
and the observed effect is generally dependent on the type
of pollutant and the PZC of the photo-catalyst used in the
oxidation process. The pH of the medium influences the
surface charge properties of the photo-catalyst, and so it
has significant effect on the electrostatic interaction
between the catalyst surface and the pollutant molecules.

The effect of pH on IC removals by this method was
examined with varying pH to treat the petroleum
wastewater effluent from SOR with optimum TiO2 and ZnO
dosages, which were 0.3 and 0.58 g L}, respectively. The
results showed that the optimum pH was 7 therefore no
need to adjust pH during this treatment and the maximum
removal rates of IC were 90.2 as shown in Figure 5.
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The maximum degradation of IC from the petroleum
wastewater by this method was obtained at pH of 7. The
PZC for TiO2 was determined as pH of 6.28 (Khan et al.,
2015; Chou and Liao, 2005; Alaton et al., 2002). The
adsorption of anions is favored when pH< pHp). The
effects of pH on degradation efficiency in this method were
in agreement with findings of other researchers.

The point zero charge of ZnO was reported as pH of 8
(Selvam et al., 2007). The maximum adsorption was
observed at pH of 7 for ZnO. The surface of ZnO catalyst is
also positively charged. Hence, the maximum degradation
occurs, which is in agreement of reported values in
literature (Selvam et al. 2007).
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Figure 5. Influence of the initial pH on the degradation
rate of IC by the solar photo-catalyst of TiO2/ZnO/Fenton
process

4. Conclusion

The performance of solar photo-catalyst of TiO2 process
was significantly improved by adding of ZnO/Fenton to it
during the solar photo-catalyst TiO2/ZnO/Fenton process at
the neutral value of pH to treat the petroleum wastewater
from 15% to 90.2% for IC removal. So, the
TiO2/ZnO/Fenton/solar is a good choice application in IC
removal from the petroleum wastewater from SOR. Not
only because it can achieve 90.2% of IC removals, but also
because the process is cost-effective and simple in a
technological aspect. Furthermore, the catalysts (TiO2 and
Zn0) are non-toxic and the effluent is almost neutral (pH
7), therefore, no there is need to adjust pH during this
treatment. The quadratic models proved to be significant
with very low probabilities (<0.0001) for the IC removal and
residual iron. The optimum conditions for the solar photo-
catalyst of TiO2/ZnO/Fenton were a TiO2 dosage (0.3 g/l),
ZnO dosage (0.58 g/l), Fe*? dosage (0.02 g/I), H202 dosage
(2.7 g/1), and pH (7). The maximum removal rate for IC and
residual iron was 92.3% and 0.013, respectively. The
treatment process achieved higher degradation
efficiencies for IC and reduced the treatment time
comparing with other related processes.
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