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Abstract 

The objective of this study is to summarize studies and 
investigations about advanced oxidation processes (AOPs) 
used for the treatment of petroleum wastewater, which 
mainly contained oil, organic matter and other compounds. 
The big difference was shown in the specification of 
wastewater among the investigated studies and a wide 
variety of pollutants at varying concentrations. The most 
compounds in petroleum wastewater were the mixture of 
hydrocarbons and inorganic compounds. Advanced 
oxidation processes (AOPs) have a capability of rapid 
degradation of recalcitrant pollutants in the aquatic 
environment. However, the literature regarding petroleum 
wastewater treatment is very little and advanced oxidation 
processes (AOPs) are still not being used on an industrial 
scale in oil refineries. Most studies were focused on the 
degradation of some pollutants found in the petroleum 
wastewater such as sulphides, ammonia, phenols and 
organic materials. This review focused on works that 
investigated advanced oxidation processes (AOPs) by 
monitoring general petroleum wastewater parameters 
such as TOC, COD, BOD, oil, and phenols. It presented an 
overview of photocatalytic degradation of pollutants in 
petroleum wastewater and highlighted the basics of these 
processes including the optimum parameters.  

Keywords: Treatment of petroleum wastewater; advanced 
oxidation processes (AOPs); Photocatalytic processes; 
photo-Fenton process 

1. Introduction 

The increasing global energy demand, which expects to be 
44% over the next two decades (Doggett and Rascoe, 
2009), makes the processing of petroleum, which is a 
complex mixture of organic liquids called crude oil and 
natural gas, and the generation of petroleum wastewater 
important issues. Industrial wastewater treatment is 
important to study area in environmental engineering. The 
treatment of petroleum and petrochemical wastewater is 
widely studied area of research. These streams are difficult 
to treat due to large concentrations of oil. The composition 
of effluent in refinery wastewater depends on the crude 

quality. It varies with the operating conditions (Benyahia et 
al., 2006).  

In the refinery, non-hydrocarbon substances were 
removed and the oil was broken down into its various 
components and blended into useful products. Thus, 
petroleum refineries produced large volumes of 
wastewater including oil well produced water brought to 
the surface during oil drilling, which often contain a 
recalcitrant compounds and rich in organic pollutants 
therefore could not be treated easily and difficult to be 
treated biologically (Vendramel S. et al., 2015; Rasheed et 
al., 2011; Asatekin A. et al., 2009). Removal of pollutants 
produced by industrial plants was the requirement for 
reuse of water and obtained to environmental standards 
(Farajnezhad and Gharbani, 2012).  

Petroleum wastewater was a major source of aquatic 
environmental pollution and was wastewater originating 
from industries primarily engaged in refining crude oil, 
manufacturing fuels and lubricants and petrochemical 
intermediates (Wake et al., 2005).  

Coelho et al., (2006) reported that the volume of 
petroleum wastewater generated during processing was 
0.4–1.6 times the amount of the crude oil processed. If the 
petroleum wastewater, which contained high organic 
matter, discharged into the aquatic environment, which 
requires 2 mg L-1 from dissolved oxygen for normal life, 
results in decreased dissolved oxygen by the bacteria 
(Attiogbe et al., 2007).  

In anaerobic systems, the products of chemical and 
biochemical reactions produced displeasing colors and 
odors in water. So, the oxygen availability was important in 
water to reduce that (Attiogbe et al., 2007). 

These effluents were composed of grease and petroleum 
compounds which consist of three main hydrocarbon 
groups; Paraffin [very few carbon atoms (C1 to C4) such as 
Methane (CH4), Ethane (C2H6) and Propane (C3H8)], 
Naphthene [such as Cyclohexane (C6H12) and Dimethyl 
Cyclopentane (C7H14)] and Aromatics [The more carbon 
atoms a hydrocarbon molecule such as Benzene (C6H6), 
Toluene (C7H8) and Xylene (C8H10) (Wang B., 2015). In 
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addition, Naphthenic acids (NAs) which are one class of 
compounds in wastewaters from petroleum industries that 
were known to cause toxic effects, and their removal from 
oilfield wastewater was an important challenge for 
remediation of large volumes of petrochemical effluents 
(Wang B. et al., 2015). 

When a crude oil contained appreciable quantities of 
Sulphur, it was called sour crude. So, Sour water was a 
specific stream of petroleum refineries, which contain 
slowly biodegradable compounds and toxic substances 
(Coelho et al., 2006). Petroleum wastewaters could vary 
greatly in their specifications, depending on the plant 
configuration, operation procedures and type of oil being 
processed (Saien and Nejati, 2007).  

The methods of petroleum wastewater treatment need to 
other steps to remove the organic matter, because they 
transferred of contaminants from one medium to another 
which include Chemical oxidation (Hu G et al., 2015), 
Biological techniques (Wang Y. et al., 2015), Coagulation 
(Abu Hassan M. A., 2009; Farajnezhad and Gharbani, 2012; 
El-Naas et al., 2009) and Adsorption (Al Hashemi W., 2015). 
In addition, new technologies have also been reported such 
as Microwave-assisted catalytic wet air oxidation (Sun Y. et 
al., 2008) and Membranes (Shariati et al., 2011; Yuliwati E. 
et al., 2011). 

Diyauddeen et al. (2011) reviewed treatment technologies 
for petroleum refinery effluents and showed that the 
petroleum refinery effluents treatment consisted of two 
main steps, which are pre-treatment and advanced 
treatment. The Biodegradation, Photocatalytic 
degradation, adsorption and other have been investigated 
with promising results. The important parameters in these 
treatment techniques were chemical oxygen demand 
(COD), biological oxygen demand (BOD), total petroleum 
hydrocarbon (TPH), oil and grease, sulphate and phenols. 
Because these methods have some disadvantages, the 
advanced oxidation processes (AOPs) get more attention 
due to their capability of rapid degradation of recalcitrant 
pollutants in the aquatic environment by hydroxyl radical 
(.OH) (Aljuboury et al., 2015a; Kim J.L. et al., 2012), which 
has a high oxidation potential (estimated to be +2.8 V) 
relative to other oxidants (Al-Rasheed et al., 2005) and they 
have high efficiencies and less generation of sludge. In 
addition, they operated within a wide pH range.  

This review focused on works that investigated advanced 
oxidation processes (AOPs) to treat the petroleum 
wastewater.  

2. Wastewater and petroleum wastewater 

The refineries are classified into either hydro-skimming 
unit, which includes a crude distillation unit, a de-
sulphurising unit, and a reforming unit, or a complex unit, 
which include a catalytic cracking unit with the hydro-
skimming refinery (Al Zarooni & Elshorbagy, 2006). In 
addition, the petrochemical plants are sometimes 
incorporated within the refinery complex (Wake, 2005). In 
general, the pollutants in wastewater could be divided into 
organic matter, inorganic matters and heavy metals 
(Tengrui et al., 2007). The organic compounds and 

ammonia nitrogen considered the principal chemical 
characteristics of environmental concern in wastewater. 
The COD, TOC, and BOD are used as parameters to describe 
organic matter in wastewater. 

3. Petroleum wastewater generation in refineries 

Transforming crude oil into useful products such as 
Gasoline and kerosene is achieved by the numerous 
refinery configurations. During these processes, the 
petroleum wastewater is generated in the units such as 
hydro-cracking, hydro-cracker flare, hydro-skimming, 
hydro-skimmer flare, sourwater, Condensate, Condensate 
flare, and the desalter. In addition, the main sources of 
total phenols at the refinery wastewater treatment plant 
are the neutralized spent caustic waste streams, the tank 
water drain and the desalter effluent (Al Hashemi et al., 
2015). Other units indirectly involve with processing such 
as sanitary, crude tank and laboratory water (Al Zarooni & 
Elshorbagy, 2006). The dominant pollutants in petroleum 
wastewater are normal-alkanes (C10-C21), aromatics, and 
polycyclic hydrocarbons (Shokrollahzadeh et al., 2008). In 
the refinery, non-hydrocarbon substances are removed 
and the oil is broken down into its various components and 
blend into useful products. Due to that, petroleum 
refineries produce large volumes of wastewater. In 
addition, the oil wells produce the petroleum wastewater 
during oil drilling, which often contain recalcitrant 
compounds and rich in organic pollutants. Therefore, the 
petroleum wastewater could not be treated easily and 
difficult to be treated biologically (Rasheed et al., 2011; 
Vendramel et al., 2015). Removal of pollutants from the 
petroleum wastewater is a requirement for reuse of water 
and obtained to environmental standards (Farajnezhad & 
Gharbani, 2012).  

3.1. Petroleum wastewater characteristics 

The different types of organic materials typically in the 
petroleum wastewater are shown in Table 1. The most of 
them contented oil, grease, phenolic compounds, nitrogen, 
and sulphur components (Abdelwahab et al., 2009; Kavitha 
& Palanivelu, 2004; Lathasree et al., 2004; Pardeshi & Patil, 
2008; Yang et al., 2008). 

The oil and grease in the petroleum wastewater are sticky 
and clog drain pipes as well as they cause unpleasant odors 
and corroding (Xu & Zhu, 2004). The phenolic compounds 
threat the environment due to their extreme toxicity and 
ability to remain for long periods (Abdelwahab et al., 2009; 
Kavitha & Palanivelu, 2004; Lathasree et al., 2004; Pardeshi 
& Patil, 2008; Yang et al., 2008). The nitrogen and sulphur 
components in the petroleum wastewater are represented 
in the form of ammonia and hydrogen sulphide (H2S), 
respectively (Altaş & Büyükgüngör, 2008).  

In addition, Naphthenic acids (NAs) are one class of 
compounds in wastewaters from petroleum industries that 
are known to cause toxic effects, and their removal from 
oilfield wastewater is an important challenge for 
remediation of large volumes of petrochemical effluents 
(Wang B. et al., 2015). Due to the petroleum wastewater 
content high polycyclic aromatics, which are very toxic, it 
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was considered hazardous pollutants on the environment  
(Mrayyan & Battikhi, 2005; Wake, 2005).  

The identification of the organic pollutants in petroleum 
refinery wastewater in some refineries showed that the 
major compounds were different fractions of petroleum 
aliphatic hydrocarbons (up to C10) and the well-known 
aromatic compounds such as benzene, toluene, and ethyl-
benzene (Saien & Nejati, 2007).  

Seif, (2001) showed that the maximum removal for COD 
and BOD were around 1400-1500 mg L-1 and 25-30 mg L-1, 
respectively, from different sources of petrochemical 
wastewater by using physical treatment and concluded 
that separation and individual treatment for each source 

was a good alternative to treatment full quantity after 
mixing of different sources.  

(Wang B. et al., 2015) reported that the percentage of 
aromatic naphthenic acids (NAs) in total naphthenic acids 
(NAs) was estimated to be 2.1-8.8% in a refinery 
wastewater treatment plant. These effluents were 
composed of grease and petroleum compounds, which 
consist of three main hydrocarbon groups; Paraffin [very 
few carbon atoms (C1 to C4) such as Methane (CH4), Ethane 
(C2H6) and Propane (C3H8)], Naphthene [such as 
Cyclohexane (C6H12) and Dimethyl Cyclopentane (C7H14)], 
and Aromatics [The more carbon atoms a hydrocarbon 
molecule such as Benzene (C6H6), Toluene (C7H8) and 
Xylene (C8H10) (Wang B. et al., 2015).

Table 1. Characteristics of petroleum wastewater and standard discharge limits for refinery effluents reported by various 
researchers 

The reference pH COD (mg/L) 
BOD 

(mg/L) 
TSS 

(mg/L) 
NH3 (mg/L) 

Ph. 
(mg/L) 

S-2 
(mg/L) 

Tur. 
(NTU) 

Oil (mg/L) TDS (mg/L) 
TOC 

(mg/L) 

(Vendramel et al., 2015) 8.3 1250 - 150 - - - - - - - 

(Aljoubory & 
Senthilkumar, 2014) 

6.5-9.5 550-1600 - - - - - - - 1200-1500 220-265 

(Saber et al., 2014) 6.7 450 174 150 - - - - 870 - 119 

(Gasim et al., 2013) 8.5 7896 3378 - 13.5 - - - - - - 

(Tony et al., 2012) 7.6 364 - 105 - - - 42 946 - - 

(Hasan et al., 2012) 7 1343 846 74 - - - 83 240 - 398 

(Farajnezhad & 
Gharbani, 2012) 

7.5 1120 - 110 - - - - - - - 

(Abdelwahab et al., 
2009) 

8 80-120 40.3 22.8 - 13 - - - - - 

(El-Naas et al., 2009) 9.5 4050 - 80 - - 1222 - - - - 

(Altaş & Büyükgüngör, 
2008) 

7.2-9.2 220 - - - - 20 - - - - 

(Dincer et al., 2008) 2.5 21000 8000 2580 69 - - - 1140 37000 - 

(Zeng et al., 2007) 6.5-6.8 500-1000  90-300  20 15-30 150-350 400-1000 3000-5000 - 

(Demırcı et al., 1998) 6.5-8.5 800 350 100 - 8 17 - 3000 - - 

SDL* 

(Ma et al., 2009)a 6-9 < 100 < 15 < 70 < 15 - - - - - - 

(Diya’uddeen et al., 
2011)b 

6-9 < 150 < 30 < 30 - - < 1.0 - - - - 

(Aljoubory & 
Senthilkumar, 2014)c 

6-9 < 200 < 20 < 30 < 10 < 0.1 < 1.0 - - <2000 < 75 

*SDL= Standard Discharge Limits, a wastewater discharge standard of China (State Environmental Protection Administration of China, 1996), 
b Environmental Health Safety Guidelines (2009), c wastewater discharge standard of Oman (2005).

When a crude oil contained appreciable quantities of 
Sulphur, it was called sour crude. Thus, Sour water was a 
specific stream of petroleum refineries, which contain 
slowly biodegradable compounds and toxic substances 
(Coelho et al., 2006). The petroleum wastewaters could 
vary greatly in their specifications, depending on the plant 
configuration, operation procedures, and type of oil being 
processed (Saien & Nejati, 2007).  

The following general conclusions can be drawn from these 
Characteristics of petroleum wastewater reported by 
various researchers as shown in Table 1; the composition 
of effluent in petroleum wastewater depended on the 
crude quality, the operating conditions, and the sources of 
wastewater pollutants. Thus, the big difference was shown 
in the specification of wastewater among the investigated 
studies and a wide variety of pollutants at varying 
concentrations. The most compounds in petroleum 
wastewater were the mixture of hydrocarbons such as 
benzene, ethylbenzene, xylenes, toluene, polyaromatic, 
phenol and hydrocarbons. In addition, the dissolved 
formation minerals were inorganic compounds, which 

included heavy metals. The average sulphide concentration 
was about 20 mg L-1, but it was a high concentration in sour 
water stream, which has complex chemical compositions 
such as oil, phenols, sulphides, mercaptans, ammonia, 
cyanides and other micro-pollutants. Thus, (El-Naas et al., 
2009) reported that the sulphide concentration was 1222 
mg/L. 

Various environmental protection agencies set maximum 
limits of discharge for each component of the petroleum 
wastewater as shown in Table 1 to protect the 
environment from the hazardous composition in 
petroleum wastewater. The fuel additives, which are 
carcinogenic such as dichloroethane (DCE), 
Dichloromethane (DCM) and t-butyl methyl ether (tBME), 
are considered the most of the undegraded total 
petroleum hydrocarbon (Diya’uddeen et al., 2011). 

4. Advanced oxidation processes (APOs) 

4.1. Principle of APOs          

AOPs may be used in petroleum wastewater treatment for 
overall organic content reduction, specific pollutant 
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destruction, sludge treatment, increasing the 
bioavailability of recalcitrant organics and color reduction 
(da Silva et al., 2015). AOPs depended on the generation 
and increasing the concentration of hydroxyl radicals 
(Brillas & Casado, 2002). Kim et al., (2012) indicated that 
hydroxyl radical exhibits reactivity toward organic 
compounds and also an environmentally friendly oxidant 
because of its ability to dissociate into nontoxic and 
harmless products.  Hydroxyl radical has high oxidation 
potential (1.80-0.87 V) at pH (0-14) and considers one of 
the most powerful oxidizers. In addition, hydroxyl radical is 
stronger than chlorine and chlorine dioxide (Neyens & 
Baeyens, 2003). 

4.2. Use of Hydrogen peroxide/UV 

The hydroxy1 radical has a high standard oxidation 
potential (2.80V) and considers the second strongest 
oxidant after fluorine (Hermosilla et al., 2009). In addition, 
it exhibits high reaction rates compared with other 
conventional oxidants such as hydrogen peroxide and O3. 
Hydroxyl radicals are the main reactive species which have 
the potential to degrade organic pollutants, the toxic 
chemicals, bio-refractory compounds and react with many 
inorganic solutes with high-rate constants (Diyauddeen et 
al., 2011). They also react rapidly with most alkenes and 
aromatic compounds, which are unreactive with hydroxy1 
radicals. Many oxidation processes or combinations of 
processes to generate hydroxy1 radicals have been 
attempted such as Fenton and electro-Fenton process or 
use a combination of strong oxidants like hydrogen 
peroxide with catalysts (Gogate & Pandit, 2004). Hydrogen 
peroxide (H2O2) considers not only as a relatively cheap, 
efficient and safe oxidant and easy to degradation of 
various inorganic and organic pollutants (Gogate & Pandit, 
2004). The effectiveness of hydrogen peroxide (H2O2) to 
degrade recalcitrant pollutants depends on an 
intermediate associate to produce hydroxyl radicals 
(Gogate & Pandit, 2004). However, H2O2 has very low rates 
of direct oxidation for complex materials if it is used alone 
in petroleum wastewater. So, it should be combined with 
other conventional oxidants such as UV light and O3 
(Diyauddeen et al., 2011). Due to its slow self-
decomposition rate, Hydrogen peroxide (H2O2) oxidation 
alone may not be effective enough to degrade high 
concentration of recalcitrant pollutants in petroleum 
wastewater. Therefore, the use of hydrogen peroxide 
(H2O2) alone considers not economically favorable and 
requires to be used with other advanced oxidation 
techniques such as Fenton reagent (using activation of 
H2O2 by iron salts) to synergistically enhance its oxidizing 
capability. The use of H2O2 as an oxidant has been 
investigated in several of the works, for example, Bustillo‐
Lecompte et al., (2015) showed that the treatment of 
petroleum refinery wastewater by using a bench scale 
UV/H2O2 photo-reactor in batch mode achieved the highest 
removal of TOC of 78.38% at 45 min and a pH of 5. Saien & 
Nejati, (2007) obtained the highest level of COD 
degradation, which was 90% COD reduction, by a relatively 
low catalyst concentration of 100 mg L-1 in a pre-treated 
effluent while Coelho et al., (2006) revealed that using the 

H2O2, H2O2/UV, UV, photocatalysis and ozonation 
processes did not lead to satisfactory results, reducing at 
most 35% of dissolved organic carbon (DOC) in the sour 
water stream (SWS) and they reported a 21% DOC removal 
in the sour water stream (SWS) at a high catalyst loading of 
200 mg L-1 (in comparison with 100 mg L-1 reported by Saien 
& Nejati, (2007) within 1h of irradiation time. These results 
might be due to the adverse effect of excess H2O2 on the 
reaction.  

4.3. The photocatalyst and Fenton processes 

4.3.1. The mechanism of photocatalyst and Fenton 
processes  

The mechanism of photocatalyst and Fenton processes 
depended on the generation and increasing the 
concentration of hydroxyl radicals. The hydroxyl radical has 
a very high oxidation potential, high efficiencies and less 
generation of sludge (Al-Rasheed, 2005). In addition, it 
operated within a wide pH range. Under high light incident 
intensity, The higher catalyst activity occurs because the 
photons are present in excessive amounts leading to more 
reactive species generation and more destruction of 
organic compounds (Laoufi et al., 2008). The intensity of UV 
irradiation increases the formation of hydroxyl radicals 
(Stepnowski et al., 2002). The photons enhance 
photocatalytic degradation by causing favorable collusion 
chances between photons and activatable centers (Wang 
et al., 1999) 

Understanding the roles of TiO2 and ZnO in the removal of 
organic compounds by photocatalyst treatment and 
photocatalytic mechanism helps to determine the optimal 
dosages for them because they are used to produce the 
hydroxyl radicals necessary to oxidize organic matter. 
These types of reactions are 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 a promotion of an electron (e-) 
from the valence band of the semiconductor catalyst such 
as TiO2 or ZnO to the conduction band. Thus, a hole (h+) 
generates in the valence band (Eydivand & Nikazar, 2015; 
Gaya & Abdullah, 2008). Mostly, an increase in the removal 
efficiency is related to a rise in intensity of light due to a 
rise in the photon flux of electrons in the conduction band 
(Vohra & Tanaka, 2002).  

The relevant reactions in the semiconductor surface (such 
as TiO2) governing the degradation of pollutants can be 
expressed as follows (Equation (1-8)) (Eydivand & Nikazar, 
2015): 

TiO2 + hv(UV) → TiO2(e-
CB +h+

VB) (1) 

TiO2(h+
VB) + H2O → TiO2 + H+ + .OH (2) 

TiO2(h+
VB) + OH- → TiO2 + .OH (3) 

TiO2(e-
CB) + O2 → TiO2 + .O2 (4) 

.O2
- + H+ → HO2 (5) 

M   + .OH    →    degradation products (6) 

M   + h+
VB    →    oxidation products (7) 

M   + e-
CB    →    reduction products (8) 
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Where: 

M is the molecule of pollutant  

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

Generally, an increase in degradation is associated with an 
increase in light intensity due to an increase in the photon 
flux of electrons in the conduction band (Vohra & Tanaka, 
2002). The natural solar radiation activate more electrons 
to jump to the conduction band from the valence band 
(Feroz et al., 2011). The success of the photo-Fenton 
treatment depends on the formation of hydroxyl radicals, 
which are successfully produced in the presence of both 
iron and H2O2. In Fenton process, hydrogen peroxide and 
iron are two major chemicals. 

The mechanism of Fenton process has three major steps 
(Equations (9-12)) (da Silva et al., 2015; Krutzler & Bauer, 
1999):  

Production of hydroxyl radicals (•OH). 

Fe+2 + H2O2 → Fe+3 + •OH (9) 

Reproduction of Fe+2 ions by energy. 

[Fe(OH)]+2      
ℎ𝑣
→ Fe+2 + •OH (10) 

[Fe(COOCR)]+2     
ℎ𝑣
→    Fe+2 + CO2 +R (11) 

Degradation of the organic compounds by hydroxyl radicals 
(•OH). 

•OH + RH → Oxidation products → CO2 + H2O (12) 

The complexity of intermediate compounds during the 
reaction and the high initial reaction rate made the study 
of Fenton process very difficult in industrial wastewater 
(Lucas & Peres, 2009). 

4.3.2. Parameters affecting the Fenton and the 
photocatalytic process. 

Effect of pH 

This parameter has a significant effect on removal the 
organic compounds (Alhakimi et al., 2003). The pH of 
petroleum wastewater effects on the surface of TiO2 and 
forms three different species namely TiOH, TiOH2

+ and TiO- 
to account for variations in the behavior of the catalyst with 
pH (Yang et al., 2007).  

In an acidic condition, the TiOH and TiOH2
+ are the 

predominant species with a positively charged catalyst 
surface in the petroleum wastewater because the 
isoelectric point of TiO2 varieties between pH 4 and 6 due 
to the surface of the catalyst has various ionization states 
and influence the amount of adsorption of the substrate on 
the catalyst surface (Akpan & Hameed, 2009; Li et al., 2006; 
Silva et al., 2007; Yang et al., 2007).  

Higher degradation was obtained under acidic conditions 
due to strong adsorption from electrostatic attraction, for 
example, Topare et al., (2015) showed that the maximum 
reduction in chemical oxygen demand (COD) of 60% from 

petroleum industry wastewater was observed in acidic 
medium at pH 3, 50 °C and 1 g L-1 catalyst concentration by 
employing heterogeneous photocatalytic of TiO2 process. 
An acidic medium can also favor organic degradation as 
shown by the degradation of acid brown 14 (Shahrezaei et 
al., 2012). Shahrezaei et al., (2012) reported that a 
maximum reduction in COD of more than 83% was 
achieved from petroleum refinery wastewater by using a 
batch circulating photocatalytic reactor in aqueous catalyst 
suspensions of titanium dioxide (TiO2) at the acidic 
conditions (pH 4). The hydroxyl radicals (•OH) are 
abundant in wastewater at high and neutral pH while 
positive holes are the predominant oxidation species at low 
pH (Akpan & Hameed, 2009). The surface under alkaline 
conditions becomes negatively charged. Thus, resulting in 
repulsion between the organic compounds and catalyst 
and reducing the removal efficiency due to decrease the 
adsorption rate (Li et al., 2006). The organic compounds 
can be better degraded by various pH values, for example, 
Habibi & Vosooghian, (2005) indicated that methyl 
benzimidazole sulphide degradation was favored by a 
neutral pH while methyl phenyl sulphide was better 
degraded at an alkaline condition. 

Pera-Titu et al., (2004) explained that pH was an important 
parameter for the Fenton process because pH of the 
solution controlled the production of the hydroxyl radical 
and the concentration of ferrous ions. Chu et al., (2012) 
found that the oxidation potential of hydroxyl radicals 
decreased with increasing pH. Removal of COD and phenol 
compounds depended on the initial solution pH. Oliveira et 
al., (2014) revealed the H+ in excess reacts with the H2O2 
producing H3O2

+, which was stable and does not react with 
the Fe2+, and thus there was a decreased formation of 
hydroxyl radicals. Furthermore, the hydroxyl radicals could 
be consumed by parallel reactions in the presence of an 
excess of H+. Chu et al., (2012) found that at pH below 3, 
degradation efficiency decreased. The degradation was 
much slower under an initial pH of 2.0. At very low pH 
values, iron complex species [Fe(H2O)6]2+ exist, which 
reacts more slowly with hydrogen peroxide than other 
species (Pera-Titus et al., 2004). 

At initial pH values (4.0-5.0), the activity of Fenton reagent 
was reduced due to the presence of relatively inactive iron 
oxyhydroxides and formation of ferric hydroxide 
precipitated (Rubio-Clemente et al., 2015). The 
degradation was also slower, which was due to the 
formation of iron species capable of inhibiting the reaction 
between Fe2+ and H2O2. In addition, Oliveira et al., (2014) 
indicated the stability of H2O2 was lower at high pH values.  

Tekin et al., (2006) showed that pH did not seem to affect 
the treatment efficiency as long as it was equal to or 
greater than 7. Therefore, the pH was adjusted to7 before 
Fenton’s coagulation. In this situation, fewer hydroxyl 
radicals were generated due to the presence of fewer free 
iron ions. Chu et al., (2012) found that at natural pH 9.1, 
almost no removal of phenol and COD was observed. 
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Effect of dosage of catalyst 

The photocatalytic efficiency of organic degradation 
increased with the increase of the amount of TiO2 (Laoufi 
et al., 2008). This rise in the percentage of organic 
degradation may be explained by increasing the total active 
surface area with increasing catalyst dosage and resulted in 
increasing the number of hydroxyl radicals and superoxide 
radicals. A linear relationship exists between the initial 
rates of reaction and the dosages of the catalyst regardless 
of the catalyst conformation in photocatalytic removal (Das 
et al., 2013). The higher catalyst activity occurs under high 
light incident intensity because the photons are present in 
excessive amounts leading to more reactive species 
generation and more destruction of organic compounds 
(Laoufi et al., 2008; Wang et al., 1999; Stepnowski et al, 
2002). 

Normally, the removal efficiency rapidly increases with a 
rise in catalyst dosage because greater catalyst dosages 
result in a rise of the number of active sites existing for 
adsorption (Akpan & Hameed, 2009; Twesme et al., 2006; 
Jain & Shrivastava, 2008). However, there were no 
significant changes beyond a certain concentration of 
catalyst of TiO2 and would not result in any change in the 
efficiency of degradation (Alhakimi et al., 2003; Laoufi et 
al., 2008). A reverse effect occurs when the TiO2 
concentration increases to higher than the optimum value, 
the degradation rate declines due to the interference of the 
light by the suspension (Chakrabarti & Dutta, 2004; 
Ehrampoosh et al., 2011). It may be due to the scattering 
of the light and reduction in light penetration through the 
effluent due to the obstruction of a large number of solid 
particles (Das et al., 2013; Gaya & Abdullah, 2008; Singh et 
al., 2013; Chan et al., 2003). This, in turn, results in a 
reduction of the available active sites. Many researchers 
have detected a decline in organic degradation efficiency 
with a rise in catalyst dosage beyond a certain limit (Kabir 
et al., 2006; Wang et al., 1999). Optimal catalyst 
concentration was obtained at 100 mg L−1 by using by using 
the photocatalyst of TiO2 for removing aliphatic and 
aromatic organic pollutants in refinery wastewater (Saien 
& Nejati, 2007). A similar observation was made by 
Shahrezaei et al., (2012), who reported that, at the 
optimum catalyst concentration of 100 mg L−1, a maximum 
reduction in COD of more than 83% was achieved from 
petroleum refinery wastewater by using the photocatalyst 
of TiO2 while the percentage removal of COD reaches a 
maximum for a catalyst loading of 1000 mg L−1 by (Das 
et al., 2013).  

Effect of Fenton reagent dosages  

The concentration of hydroxyl radicals depends on the 
absolute amounts of H2O2 and Fe2+ in the photo-Fenton 
process. Rodrigues et al., (2009) reported that the rate of 
degradation increased with an increase in the 
concentration of the ferrous ion. Higher dosages of H2O2 
and Fe2+ resulted in decreased COD removal. This was 
explained considering that the hydroxyl radical may be 
scavenged by the reaction with excess Fe2+ and H2O2. 
Moreover, an enormous increase in the ferrous ions led to 

an increase in the unutilized quantity of iron salts, which 
contributed to an increase of the total dissolved solids 
content of the effluent stream, and this was not permitted 
(Casero et al., 1997; Kang & Hwang, 2000; Kitis et al., 1999). 
Thus, laboratory scale studies are required to establish the 
optimum loading of ferrous ions to remove the organic 
compounds. The concentration of hydrogen peroxide plays 
a crucial role in deciding the efficiency of the photo-Fenton 
process. Usually, it is observed that the percentage 
degradation of the pollutant increase with an increase in 
the dosage of hydrogen peroxide (Kang & Hwang, 2000). 
However, the previous studies did not recommend the 
excess amount of hydrogen peroxide. Moreover, the 
presence of hydrogen peroxide is harmful to many of the 
organisms, and it affects significantly the overall 
degradation efficiency (Chu et al., 2012).  

Chu et al., (2012) reported that hydrogen peroxide was the 
scavenging of generated hydroxyl radicals after the 
optimum H2O2 dosage. Thus, the dosage of hydrogen 
peroxide should be utilized completely in reactions. In 
addition, Ertugay & Acar, (2013) indicated that the COD 
removal increased to 50.7% as the H2O2 dosage increased 
to 125 mg L-1. However, removal efficiency would decrease 
when H2O2 dosage was higher than 125 mg L-1. Martins 
et al., (2010) explained that the iron load had the highest 
impact on TOC removal of the Phenolic wastewater after 
using Fenton process. The TOC removal increased as the 
Fe2+ concentration increased due to increase the 
production rate of the hydroxyl radicals, which led to a 
higher effluent mineralization level. Nevertheless, an 
excess of iron could have a radical scavenger effect. 
Oliveira et al., (2014) indicated that the Fe2+ was 
responsible for speeding up the formation of hydroxyl 
radicals. The degradation was slower in the experiments 
using lower iron concentrations due to the insufficient 
amount of catalyst for the same amount of oxidant. Martı ́
et al., (2003) explained that the success of the Fenton 
treatment depended on the formation of hydroxyl radicals, 
which were successfully produced in the presence of both 
iron and H2O2. In Fenton process, hydrogen peroxide and 
iron are two major chemicals that determine the operation 
costs and efficacy. In order to maximize the effectiveness 
of the process, it was important to determine the optimal 
operational H2O2/Fe2+ molar ratio.  

Understanding the roles of H2O2 and iron in the removal of 
organic compounds by Fenton process helps to determine 
the optimal reagent dosages. H2O2 and iron are used to 
produce the hydroxyl radicals necessary to oxidize organic 
substances according to the following reaction (Equation 
13) (Martı ́et al., 2003): 

Hydroxyl radicals (•OH) + organic substances → Oxidation Products 

(13) 

Consequently, particular attention must be paid to Fe2+ and 
H2O2 dosages in order to avoid the undesired hydroxyl 
radicals scavenging reactions occurring in the presence of 
an excess of each two reagents. Martı ́ et al., (2003) 
reported that any addition in H2O2/Fe2+ molar ratio over 
the optimal Fenton ratio decreased the removal efficiency.  
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It seems that excessive hydrogen peroxide has a scavenging 
effect on hydroxyl radicals (Equation 14):  

H2O2 + •OH → HO•
2 + H2Ο (14) 

This reaction leads to the production of hydroperoxyl 
radical, which has weaker oxidizing power compared to 
hydroxyl radical (Martı ́et al., 2003). Ertugay & Acar, (2013) 
explained that the excess amount of hydrogen peroxide 
could cause the autodecomposition of H2O2 to oxygen and 
water, and the recombination of hydroxyl radicals. Thereby 
decreasing the concentration of hydroxyl radicals reduced 
the pollutant removal efficiency (Ertugay & Acar, 2013).  

On the other hand, when Fenton ratio was below the 
optimal Fenton ratio, COD removal was decreased because 
of the scavenging effect of excess Fe2+ (Cristóvão et al., 
2014). It seemed that when a large amount of Fe2+ was 
available, Fe2+ and organic compounds compete to react 
with hydroxyl radicals. Thus, Fe2+ consumed hydroxyl 
radical resulting in reduced COD removal efficiency 
(Cristóvão et al., 2014).  

Dosages of Fenton reagents reported for Fenton process to 
treat the petroleum wastewater were very different. For 
example, Tony et al., (2012) obtained 50% COD removal 
after using photo-Fenton process under the optimal 
H2O2/Fe2+ ratio 10 whereas Silva et al., (2015) indicated 
that the favorable H2O2 to Fe2+ molar ratio was 22.7. The 
large discrepancies in reported optimal ratios of H2O2 to 
Fe2+ were attributed to variations in the petroleum 
wastewater characteristics. For very high H2O2/Fe2+ values 
(150-268), the process was not efficient due to excess H2O2 
which led to the scavenging of radicals (Oliveira et al., 
2014). 

Effect of the initial COD concentrations 

It is found that the efficiency degradation of COD is greatly 
influenced with increasing the initial concentration of COD 
of the effluent because of the formation of hydroxyl 
radicals in water (Das et al., 2013). A similar trend was 
observed when photon absorption was increased by 
decreasing the initial concentration of furfural solution 
(C5H4O2), which led to higher catalyst activation with a 
subsequent improvement of photocatalytic degradation 
(Faramarzpour et al., 2009). At higher concentrations of 
contaminants, the clashes between the catalyst and 
organic contaminants are great. Thus, the higher 
concentrations of contaminants can improve 
photodegradation (Li et al., 2006). 

However, the percentage removal of COD decreases as the 
initial concentration of COD increases after a certain value. 
A current study by Paschoalino et al., (2012) revealed that 
the reason for this phenomenon is likely due to the 
decrease in the formation of hydroxyl radicals on the 
catalyst surface with the increase in pollutants 
concentration. At the same time, the active sites decrease 
when  the adsorbed pollutants on the catalyst surface 
increase because of coverage of active sites by reaction 
intermediate, which inhibits the direct contact between 
pollutants and hydroxyl radicals (Li et al., 2006; Paschoalino 
et al., 2012).  

Effect of reaction time  

The hydroxyl radicals (.OH) can degrade organic pollutants 
to intermediates, and the intermediates are further 
degraded to CO2 and H2O (Shahrezaei et al., 2012). Thus, a 
required duration to complete the photo-Fenton process 
should be observed. According to Karthikeyan et al., 
(2011), the percentage removal of COD increased linearly 
up to 4 h and was followed by a non-linear increase up to 
50% in 6 h. The initial linear increased in COD reduction 
may be attributed to the chemical oxidation of the 
dissolved organics in the wastewater with hydroxyl radical. 
Thereafter, the reaction rate diminished as the hydrogen 
peroxide was consumed, which was the primary source for 
the generation of the hydroxyl radicals. 

Photocatalyst of TiO2, ZnO and TiO2/ZnO 

Titanium dioxide (TiO2) is one of the most suitable 
photocatalysts for environmental application because of its 
biological and chemical inertness, strong oxidizing power, 
nontoxicity, and long-term stability against photo and 
chemical corrosion (Li et al., 2004; Yu et al., 2003). 

However, TiO2 can be activated under UV light of 
wavelengths < 387 nm irradiation due to its large band gap 
of 3.2 eV (electron volt) (Yu et al., 2002; Hong et al., 2005). 
The photocatalytic activity of TiO2 usually depends on a 
competition between the following two processes; the 
ratio of the transfer rate of surface charge carriers from the 
interior to the surface to the recombination rate of 
electrons and holes. If the recombination of electrons and 
holes occurs too fast (<0.1 ns (nanosecond)), then there is 
not enough time for any other chemical reaction. 

Comparing with other semiconductors, the surface charge 
of TiO2 are relatively long-lived (around 250 nanoseconds), 
which allow the electrons or holes to travel on the 
crystallite surface. The different types of radicals are 
formed on the TiO2 surface. The most common radical is 
hydroxyl radical (.OH), which is responsible for carrying out 
other chemical reactions on the surface of TiO2 (Yu et al., 
2005).   

Oxidation occurs when a reactant loses electrons during 
the reaction while reduction occurs when a reactant gains 
electrons during the reaction. 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 TiO2 
surface.      

Consequently, particular attention must be paid to TiO2 
and ZnO dosages in order to avoid the increase of turbidity 
in the petroleum wastewater during the photocatalyst of 
TiO2/ZnO process. The turbidity hinders the absorption of 
the sunlight light required in this process.      

Generally, the degradation of pollutants rapidly increases 
with increasing the concentration of catalyst (Akpan & 
Hameed, 2009). Another study by Jain & Shrivastava, 
(2008) found similar observation, and they showed that 
higher catalyst concentrations resulted in an increase in the 
number of active sites on the photocatalyst surface, which 
in turn increases the number of hydroxyl radicals (Das 
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et al., 2013). However, many authors have observed a 
reverse effect occurred 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 & Dutta, 2004; 
Ehrampoosh et al., 2011; Gaya & Abdullah, 2008). Many 
optimum catalyst loadings reported by various researchers 
are presented in Table 2. 

Table 2. Range of Catalyst loadings and optimum values for TiO2 to treat the petroleum wastewater reported by various 
researchers 

No catalyst loading optimum catalyst loading Ref. 

1 0.25-1.5 g L-1 1 g L-1 (Topare et al. 2015) 

2 2-15 g L-1 10 g L-1 (Shahrezaei et al., 2015) 

3 0.5-1.5 g L-1 0.6 g L-1 (Aljuboury et al., 2015a) 

4 0.25-2.0 g L-1 1.2 g L-1 (Khan et al., 2015) 

5 0-0.200 g L-1 0.1 g L-1 (Shahrezaei et al., 2012) 

6 0.01-0.20 g L-1 0.1 g L-1 (Saien & Nejati, 2007) 

The following important points should be noted from the 
discussion in Tables 3 and 4; the efficiencies of COD 
removal by the photocatalyst of TiO2 application to treat 
the petroleum wastewater significantly differed among the 
previous works due to the complexity of compounds for 
this type of wastewater. The majority of the studies 
reported that the optimal pH for the photocatalyst of TiO2 
processes was strongly acidic conditions (pH 3-4).  

Saien & Nejati, (2007) reported that more than 90% COD 
removal was achieved by using a circulating photocatalytic 
(TiO2/UV) reactor for removing aliphatic and aromatic 
organic pollutants in refinery wastewater after about 4 h 
irradiation and hence, 73% after about only 90 min.

Table 3. Overview of work done in the area of photocatalyst of TiO2 applications to treat the petroleum wastewater 
reported by various researchers: 

 The process 
Removed 
material 

Max. 
Removal 
efficiency 

(%) 

The optimum conditions 

Ref. 
pH 

TiO2 
(mg L-1) 

C0 of 
pollutant 
(mg L-1) 

TR 
(min) 

T 
°C 

1 TiO2/UV COD 60 3 1000 8200 - 50 (Topare et al., 2015) 

2 TiO2/UV COD 50 3 10 800 120 25 (Shahrezaei et al., 2015) 

3 TiO2/UV COD 40.68 4 1200 220 120 37 (Khan et al., 2015) 

4 TiO2/Solar COD 48.5 8 600 1600 139 - (Aljuboury et al., 2015) 

5 TiO2/UV COD 83 4 100 220 120 45 (Shahrezaei et al., 2012) 

6 TiO2/UV COD 90 3 100 180 240 45 (Saien & Nejati, 2007) 

8 TiO2/Solar COD 60 7 1000 7500 180 40 (Singh et al., 2013) 

9 TiO2/UV Phenol 80 7 200 10 120 25 
(Aljoubory & Senthilkumar, 

2014) 

10 TiO2/Solar COD 78 8.7 1000 1200 240 - (Aljuboury et al., 2014) 

Shahrezaei et al., (2012) showed that a maximum 
reduction in COD of more than 83% was achieved from 
petroleum refinery wastewater by using a batch circulating 
photocatalytic reactor in aqueous catalyst suspensions of 

titanium dioxide (TiO2), Degussa P25 (80% anatase, 20% 
rutile) at the optimum conditions (pH of 4, catalyst 
concentration of 100 mg L-1, temperature of 45 °C and 
reaction time of 120 min).

Table 4. Overview of work done in the area of ZnO/TiO2 application in recent years: 

 The process Wastewater type Removed material Reference 

1 TiO2/ZnO/UV aqueous solutions methylene blue (MB) dye (Mohabansi et al., 2011) 

2 TiO2/ZnO/UV aqueous solutions Phenol (Anju et al., 2012) 

3 TiO2/ZnO/solar aqueous solutions Phenol (Devipriya & Yesodharan, 2010) 

4 
TiO2/UV 

aqueous solution 
(RR45) dye 

(Peternel et al., 2007) 
ZnO/UV TOC 

5 
TiO2/ZnO/UV aqueous solution of 

commonly used leather dyes 

as acid green 16 (AG 16) dye 
(Murugesan & Sakthivel, 2002) 

TiO2/ZnO/solar acid brown 14 (AB 14) 

6 TiO2/ ZnO/Air/Solar 
Petroleum wastewater from 

SOR. 

COD 

(Aljuboury et al., 2016a) TOC 

Residual iron 
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Khan et al., (2015) revealed that the photocatalytic 
degradation of chemical oxygen demand (COD) from the 
real refinery wastewater by using TiO2/UV achieved 40.68% 
but when TiO2 was combined with H2O2 the degradation 
decreased to 25.35% at pH of 4, within 120 min of 
irradiations. Khan et al., (2015) reported that TiO2 was 
comparatively more effective than ZnO and H2O2 for real 
refinery wastewater. 

Shahrezaei et al. (2015) proved that the degradation 
efficiency of COD was improved by using TiO2 with the 
multi-walled carbon nanotube to treat the petroleum 
wastewater due to the large ability of Multi-walled carbon 
nanotube (MWCNT) to adsorb organic molecules and to 
suppress the electron-hole recombination. Shahrezaei et 
al. (2015) reported that the most important factor, which 
limits the efficiency of photocatalyst of TiO2, was electron-
hole recombination. MWCNT was used to suppress the 
electron-hole recombination and enhanced the 
photocatalytic efficiency of titanium dioxide (TiO2) 
nanoparticles (Shahrezaei et al., 2015). 

Anju et al. (2012) reported that the removal efficiency of 
phenol for the combination of ZnO/TiO2/UV process was 
enhanced from 37% to 46% at 90 min in aqueous solutions 
after using H2O2 with this combination.  Aljoubory & 
Senthilkumar, (2014) noted that the maximum phenol 
removal efficiency (%) by using a batch reactor was better 
than that by using a continuous reactor in TiO2/UV process 
from petroleum wastewater under same condition (pH 7, 
initial concentration of phenol 10 mg L-1, 120 min, T 25oC 
and15 W power of UV) because the mechanism of phenol 
degradation could be achievable under prolonged 
exposures to UV irradiation. The natural solar radiation 
activated more electrons and enhanced them to jump from 
the valence band to the conduction band (Feroz et al., 
2011). This phenomenon is corroborated by the works of 
(Silva et al., 2007), who observed a steady decrease in 
degradation of phenol and showed that decomposition 
percentage increased with the square root of incident light 
for moderate to high intensities. 

4.3.3 Fenton, Photo-Fenton and Fenton-like processes 

The AOPs have the capability of rapid degradation of 
recalcitrant pollutants in the aquatic environment. They 
have shown high efficiency to remove the organic 
compounds from effluents even when they were present 
at low concentrations (Silva et al., 2015; Masomboon et al., 
2010; Paz et al., 2013; Philippopoulos & Poulopoulos, 
2003). Remediation of hazardous substances was 
attributed to hydroxyl radical, which exhibit reactivity 
toward organic (Hermosilla et al., 2009).   

There are two Fenton reactions; the standard Fenton 
reaction between Fe+2 ions and hydrogen peroxide (H2O2) 
and the Fenton-like reaction between Fe+3 ions and 
hydrogen peroxide (H2O2) (Yeh et al., 2008). Fenton 
reaction under light such as sunlight or UV is the so-called 
photo-Fenton and more hydroxyl radicals (•OH) are 
generated (Torrades et al., 2004). 

The organic materials in petroleum wastewater can be 
successfully removed by heterogeneous photocatalytic 

processes such as Fenton, photo-Fenton, and electro-
Fenton. Due to their potential for destroying a wide range 
of organic chemical materials, these processes continue to 
receive attention.  

Solar photo-Fenton is based on using solar radiation to 
increase production of hydroxyl radicals (.OH) and 
photoactive complexes through the Fenton (Amor et al., 
2015; Fernandes et al., 2014; Lucas et al., 2012; Pignatello 
et al., 2006). Using solar energy in AOPs could reduce 
processing costs and make it more affordable for 
commercial use (Amor et al., 2015). 

Several excellent reviews have been written on these 
processes (Akpan & Hameed, 2009; Diyauddeen et al., 
2011; Fujishima et al., 2008; Rajeshwar et al., 2008) in 
wastewater treatment particularly, Fenton, photo-Fenton, 
and electro-Fenton oxidation to remove the dissolved 
organic content of petroleum refinery sourwater. They 
showed that a combination of the Fenton and photo-
Fenton processes was the oxidation method that led to the 
best results (Coelho et al., 2006), for example, (Tony et al., 
2012) obtained 50% COD removal after using (H2O2/ 
Fe2+/UV) method under pH 3 and H2O2/Fe2+ ratio 10. In a 
study performed by da Silva et al. (2015), the highest oil 
removal achieved was 84% after 45 min of reaction by 
using 0.44 mM and 10 mM of ferrous ions and hydrogen 
peroxide, respectively. Yavuz et al., (2010) showed that the 
most efficient method was the electro-Fenton process 
followed by the electrochemical oxidation using born 
doped diamond (BDD) anode while the electrocoagulation 
was found to be ineffective for the treatment of petroleum 
refinery wastewater (PRW). Ramteke & Gogate (2015) 
reported that using combined Fenton and ultrasound 
achieved 95% COD removal from petroleum wastewater at 
pH 3. 

Dincer et al. (2008) evaluated the applications of the 
Fenton and photo-Fenton processes for the treatment of 
oil recovery industry wastewater. Under the most 
favorable conditions for the Fenton process (pH 3, Fe2+: 
23.16 g L-1 and H2O2: 200.52 g L-1, a mass ratio of 8.658 for 
H2O2: Fe2+), 86% of the initial COD was removed (from 
21000 to 2980 mg L-1) from the petroleum wastewater. In 
the photo-Fenton process, the optimal ratio H2O2/Fe2+ was 
168 and the optimum operating conditions was 8400 mg L-
1 H2O2, 50 mg L-1 Fe2+, 39 oC, and pH 3. Under these 
conditions, the photo-Fenton process achieved a COD 
removal of 81%. 

In another petroleum refinery effluent treatment study by 
Hasan et al. (2012), the maximal TOC and COD  reduction 
achieved within 30 min of oxidation reaction were 70% and 
98.1%, respectively using Fenton-like oxidation at 
optimized conditions of H2O2 dosage of 1008.0 mM, Fe2+ 
dosage of 686.0 mg, pH 3, a mass ratio of 5 for H2O2:Fe2+ 
dosage and a molar ratio of hydrogen peroxide to the 
organic wastewater [H2O2]:[PRE] of 12 while for Fenton 
oxidation, they reported petroleum refinery effluent 
treatment was low. Saber et al. (2014) reported that a COD 
removal of more than 83 % was achieved under optimal 
conditions (pH 3, a mass ratio of 2.66 for H2O2: Fe2+ and 
ratio of 10.03 for H2O2/COD) within 90 min. Davarnejad et 
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al. (2015) showed that maximum COD removal was around 
82.55% at H2O2/PRW (Ratio of a mole of H2O2 per 
petroleum refinery wastewater volume) of 0.04, H2O2/Fe2+ 
molar ratio of 2.75, pH of 3.5 and reaction time of 90 min. 
Da Rocha et al., (2013) showed that the 53% COD removal 
was achieved by the solar photo-Fenton process from 
petroleum wastewater.  

Parilti, (2010) carried out the investigation on a treatment 
of a petrochemical industry wastewater by the solar photo-
Fenton (Fe3+/H2O2/solar) process using the box-Wilson 
experimental design method. The solar photo-Fenton 
(Fe3+/H2O2/solar) process was applied to a petrochemical 
refinery wastewater in Izmir, Turkey. BOD to COD ratio 
obtained was 0.5 by them. About 49 percent degradation 
of the petrochemical industry wastewater was possible. 
Although the Fenton process has high degradation 
efficiency of COD and environmental friendliness, it is 

limited by the iron sludge, which needs final disposal 
(Pignatello et al., 2006). In order to solve this issue, the 
Fenton process could be improved by the combined 
application of photocatalyst TiO2.  

The summary of the maximum percentage COD removal 
(%) and the optimum pH by photo-Fenton and Fenton-like 
applications to treat the petroleum wastewater reported 
by various researchers are shown in Figure 1 and Figure 2, 
respectively. In Fenton oxidation, organic pollutants are 
oxidized into CO2 and water to avoid a problem of 
contaminants shifting from one phase to another. Also, the 
operation at room temperature and atmospheric pressure 
prevents volatilization and discharge of unreacted wastes. 
Rubio-Clemente et al., (2015) revealed that photo-Fenton 
processes were highlighted due to their fast and removal 
efficient for pollutants.

 

Figure 1. The maximum percentage COD removal (%) by photo-Fenton and Fenton-like applications to treat the 
petroleum wastewater reported by various researchers

 

Figure 2. The optimum pH for the photo-Fenton and Fenton-like applications to treat the petroleum wastewater 
reported by various researchers

The following important points should be noted from the 
discussion in Table 5; According to several studies, 
treatment with Fenton and photo-Fenton appeared to be 
an appropriate method for oxidizing recalcitrant 
compounds from petroleum wastewater at acidic 

conditions. Use of the solar photo-Fenton in the case of 
commercial applications would be significantly cheaper 
and was also suitable to treat the petroleum wastewater. 
The majority of the studies reported that the optimal pH 
for the Fenton and photo-Fenton processes was strongly 
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acidic conditions (pH 3). The oxidative ability of the photo-
Fenton process was greater than that of the Fenton process 
to treat the petroleum wastewater in the studies. Many 
authors showed that the optimal mass ratio of Fenton’s 
reagent (H2O2/Fe2+) was from 2 to 10, but it sometimes was 
more than 200 due to the complex matrices of organic 

pollutants in petroleum wastewater. Most of the previous 
studies did not assess the effect of a long reaction time on 
a stability of these methods during the treatment. Some 
important sides of these processes required more study 
such as solar intensity quantification during the solar 
photo-Fenton.

Table 5. Overview of work done in the area of Fenton, photo-Fenton and Fenton-like applications to treat the petroleum 
wastewater reported by various researchers: 

 The process Parameter 
Max. 

Removal 
efficiency (%) 

The optimum conditions 

Ref. 
pH 

H2O2 Fe2+ H2O2/Fe2+ 
ratio 

Time 
(min) ppm mM ppm mM 

1 H2O2/Fe2+/solar COD 74.7 3.68 850 - 60 - 14 127 
(Aljuboury et al., 

2016b) 

2 H2O2/Fe2+/UV TOG 84 3 - 10 - 0.44 22.7 45 (Da Silva et al., 2015) 

3 H2O2/Fe2+ COD 82.7 3.5 800 - 267 - 3 150 (Elmolla, 2015) 

4 H2O2/Fe2+ COD 83 3 4510  1700 - 2.7 90 (Saber et al., 2014) 

5 H2O2/Fe2+/solar COD 92.7 3 - 485 0.93 - 521 420 (Da Rocha et al., 2013) 

6 H2O2/Fe3+ 
COD 98.1 

3 - 1008 686 - 5 30 (Hasan et al. 2012) 
TOC 70 

7 
H2O2/Fe2+ COD 35 

3 400  40 - 10 90 (Tony et al., 2012) 
H2O2/Fe2+/UV COD 50 

8 
H2O2/Fe3+ 

COD 
63 

3 1080  5 - 216 60 (Huang et al., 2010) 
H2O2/Fe3+/ UV 98 

9 
H2O2/Fe2+ 

COD 
86 3 200  23  8.7 60 

(Dincer et al. 2008) 
H2O2/Fe2+/UV 81 3 8400  50  168 210 

4.3.4. Photocatalyst of TiO2/Fenton and ZnO/Fenton 

Many technics enhanced the production rate of hydroxyl 
radical by chemical additives (H2O2), external energy (UV, 
sunlight), catalysts (TiO2) and the integration of two or 
more AOPs such as (TiO2/Fenton/sunlight) and TiO2 
photocatalysis (UV)/Fenton (Kim et al., 2012). The 
photocatalyst of TiO2 with Fenton was applied by several 

previous studies to enhance oxidation of contaminants. 
Tony et al. (2009) reported that a 71% and 84% COD 
removal were achieved at the natural pH by using 
Fenton/TiO2/UV and Fenton/TiO2/UV/air, respectively to 
treat the diesel oil-water emulsion while only 18% COD 
removal under same conditions was observed by the using 
Fenton/ZnO/UV. This result was attributed to the surface 
area of TiO2 was more than that for ZnO (Tony et al., 2009). 

Table 6. Overview of work done in the area of Fenton/TiO2 application in recent years: 

 The method 
Wastewater type Removal material Ref. 

TiO2 ZnO Fe+2 H2O2 solar UV 

1 √  √ √ √  Milli-Q water DNPH (Kim et al., 2012) 

2 √ √    √ aqueous solutions Phenol (Anju et al.,2012) 

3 √  √ √  √ aqueous solutions Phenol (Zarei et al., 2012) 

4 
 √ √ √  √ 

oil-water emulsion COD (Tony et al., 2009) 
√  √ √  √ 

5 √  √ √  √ dye polluted water Azo dye (Bouras & Lianos, 2008) 

6 √  √ √ √  aqueous medium 

4CP 

(Nogueira et al., 2004) DCA 

TOC 

7 
√    √  

aqueous imidacloprid Imidacloprid (Malato et al., 2001)   √ √ √  

8 √  √ √ √  Pesticide wastewater 
Chloropyrif 

(Alalm & Tawfik, 2013) 
COD 

9 √  √ √ √  Petroleum wastewater 

COD 

(Aljuboury et al., 2015b) TOC 

RI 

10 √ √ √ √ √  Petroleum wastewater 

COD 

(Aljuboury et al., 2015c) TOC 

RI 
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Moreover, a recent study by Kim et al., (2012) obtained 
78% benzoic acid removal at circum-neutral pH (6.5-7.5) by 
using the /TiO2/Fe+3/H2O2/UV system, which is very 
efficient in increasing production of reactive oxidants and 
improve the reactivity of the oxidant. However, the 
addition of Fe+3 and H2O2 to the UV/TiO2 system at higher 
pH values (pH>7) caused the negative effects. The same 
results were also observed in another study by Zarei et al., 
(2012), which they revealed that using the electro-Fenton 
/TiO2 with Mn2+ under UV achieved about 70% phenol 
removal from aqueous solutions at 150 min under an acidic 
condition. They found that the pH and TiO2 concentration 
were the main factors while Nogueira et al., (2004) showed  
that  TiO2 concentration was less important than the roles 
of iron and H2O2 in the photodegradation of 4-
chlorophenol. Comparing this work with the previous 
works is summarized in Table 6. 

5. Conclusions 

 The petroleum wastewater was an indisputable 
pollution source for watercourses. It has 
hazardous compounds, which adversely affect the 
ecosystem when it is discharged into the 
environment. Thus, it was treated by different 
processes such as physical, chemical and 
biological (Various biological methods, both 
aerobic and anaerobic) treatment processes. 

 The most limits of application of advances 
oxidation processes in wastewater treatment 
plants in refineries were scarce of the literature 
and lack of knowledge about these processes. 

 Photocatalytic and photo Fenton processes, which 
potentially remove of the organic and inorganic 
matter and cost-effective technique, were an 
attractive and suitable for petroleum wastewater 
treatment at the advanced stage. 

 Use of the solar photo-Fenton in the case of 
commercial applications would be significantly 
cheaper and was also suitable to treat the 
petroleum wastewater. 

 Majority of the studies reported that the optimal 
pH for the Fenton and photo-Fenton processes 
was strongly acidic conditions. 

 The oxidative ability of photo-Fenton process was 
greater than that of the Fenton process to treat 
the petroleum wastewater in the most of studies.  

 The optimal mass ratio of Fenton’s reagent 
(H2O2/Fe2+) was from 2 to 10, but it sometime was 
more than 200 due to the complex matrices of 
organic pollutants in petroleum wastewater. 
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