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1. Introduction

Treatment of petroleum refinery wastewaters (PRWS) is the main issue that cause developing many technologies
to reduce hazardous contaminants in the wastewater. Petroleum refineries are major consumers of water because
the refining process composed of many treatment steps categorized as separation and conversion stages. The size
and contaminant composition of the refinery wastewater depends on the size of the refinery and configuration of
the process [1]. Wastewater from oil refineries is classified as dangerous industrial waste because it contains
toxic components such as phenols, hydrocarbons, and heavy metals [2]. These toxic materials have negative
impacts on the aquatic life and plant in addition to sources of surface and groundwater [3]. Petroleum refineries
have put great effort into treating wastewater, which can be a hard work due to the complexity of its chemical
composition, poor biodegradability, and high toxicity [4]. Many processes can be used to treat wastewater in oil
refineries such as treatment by biological approach [5], using membrane filtration systems [6], and application of
coagulation/flocculation [7]. Biological processes are the most of them that widely used as a result of their low
cost and good efficiency [5]. However, this approach is universally ineffective to remove recalcitrant and
persistent pollutants which go through traditional treatment units without being satisfactorily eliminated [8].
Accordingly, the treated effluents from biological systems do not occasionally match the standard limits for
reusing or discharging into the environment. Therefore, upgrading and developing new advanced approaches are
mandatory to protect the environment. In this context, electrochemical systems such as electrocoagulation (EC)
and electrooxidation (EO) were studied extensively and succeeded in treatment of PRWs [ 9-12]

During the EO process, removal of contaminants is a complex rout and can be involved two mechanisms: direct
and indirect oxidation routs. The first consists of direct oxidation of contaminants by adsorbed OHe. while,
indirect oxidation is proceeded by chloride ions, which are inhibitory agents in other methods such as biological
systems [13]. Boron-doped diamond (BDD) electrodes are applied extensively at in the EO process in spite of its
high cost and are considered the strongest electrodes for processing PRWs [14]. Meanwhile, Tin oxide (SnO2) is
one of potential anodic materials that has been used successfully in Li-ion battery [15] as well as in other
applications such as solar cells [16], catalysts [17], and gas sensor [18]. In the field of wastewater applications,
different SnO2-based anodes have been used in the anodic oxidation of numerous kinds of wastewaters and
organic materials such as textile, landfill leachate, phenol, nitrophenols, and glucose [19]. However, the
consumption of electrical energy as the main part of the overall cost were very high if EO is utilized as a single
treatment technology [20]

Photocatalysis is one of the clean technologies that holds a lot of promise in treatment of wastewater. Papers in
the field of photocatalytic processes have been increased markedly since the first publication on using titanium
dioxide (TiO2) at 1971[21]. Photocatalysis is one of advanced oxidation processes that uses semiconducting
elements or compounds as reusable catalysts have capability to mineralize contaminants using light energy as a
main source. Therefore, photocatalysis offers an attractive approach for municipal and industrial wastewaters
treatment [22,23]. The most adaptable semiconductor for using as a photocatalyst is TiO2 due to its non-toxicity
property, good photostability, and low cost as well as its exclusive non-selective properties for redox reactions. It
has a chemical stability, mechanical strength, high redox potentials (about +3.2 V), and high-energy UV
radiation that make it a good photocatalyst applied for numerous reaction media [24-28]. Among the other metal
oxide semiconductors that used on photocatalytic process in addition to TiO2, SnO2 has been widely used in
many applications as a result of its outstanding optical properties, good chemical stability and excellent electrical
properties. It has been used as electrode materials for Li/SnO2 batteries in addition to manufacturing dye-
sensitized solar cells, optoelectronic devices, and gas sensors. Besides it was used as a photocatalyst for
degrading dyes and organic compounds, [29-31]. The SnO2 structure is classified as a semiconducting material
with a wide band gap (e.g. + 3.6 eV) and shows good photocatalytic activity in the presence of ultraviolet light
irradiation [32,33]. Compared with tTiO2, SnO2 has a similar structure, chemical stability, and band gap.
Furthermore, SnO2 has no opposing health impacts and its absorption by the human body is poor in the case of
inhalation or injection [34,35]. SnO2 nanoparticles are anticipated to show large photocatalytic activity as a
result of their large surface areas [36].
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Hybrid electrochemical methods are composed from a combination of processes such as electrocoagulation
(EC), electrooxidation (EO), and electroflotation along with other treat systems such as ozonation,
photocatalysis, ultrasonication, and other advanced oxidation processes [9,10]. However, using a combined
process composed from photocatalytic oxidation with anodic oxidation for treating petroleum refinery
wastewater was not investigated thoroughly and few papers regarding this combined process for treating other
wastewaters were published [37, 38]. specifically, combining anodic with SnO2 anode and photocatalytic with
SnO2 nanoparticles has not investigated previously.

The aim of present work is to used a combined process composed of anodic oxidation with SnO2 anode and
photocatalytic process with SnO2 nano-catalyst for treating petroleum refinery wastewater where effect of pH
and SnO2 dosage on the removal of COD was investigated then a comparison between the combined process
using SnO2 nano-catalyst with the single process (UV/SnO2) as well as with the corresponding combined
process using TiO2 nano-catalyst to knowledge which process gives the best performance at a low cost.

2. Materials and methods
2.1. Characteristics of petroleum refinery effluents

The case study in this work was an effluent water generated from Najaf refinery plant located in Irag, where 40
liters were pulled from the feeding vessel before entering the unit of the biological treatment and kept at 4°C
during the experimental program. To reduce the suspended solids, present in the effluent, a filtration step was
performed using Puchner filter with Whatman filter paper (grade 1) having a pore size of 11 um. Table 1
displays the features of the treated water by the biological unit in comparison with the untreated wastewater as
provided by the plant administration.

Table 1: Characterization of wastewater discharged from Al-Najaf refinery plant.

Characteristic Inlet Outlet
pH 7.2 7

Temperature, °C 12 10
BOD, mg/L 180 20
COD, mg/L 857 94
TDS, mg/L 5560 4897
Phenol, mg/L 185 0.08
Oil content, mg/L 74.8 57.5
Turbidity, NTU 113 247
PO,> , mg/L 0.12 0.8
CI, mg/L 900 450

2.2 .Chemicals

Tin oxide (SnO2) Nano-particles (purity 99.5%, APS 35-55 nm) was utilized as a catalyst for photodegradation
which supplied from (NANOSHELL LLC, USA), Nano-particles of Titanium Dioxide (TiO2) having particle
sizes in the range of 10-30 nm (Anatase type, purity 99.5%,) was utilized as a photocatalyst. It was obtained
from (SkySpring Nanomaterilas Inc, Houston, USA), Tin (I1) Chloride dihydrate (Sn CI2.2H20) with a purity of
98 % purchase from Sigma - Aldrich, USA was used as a source of stannous ions. Nitric Acid with a
concentration of (69— 71 %) purchased from FINE CHEM LIMITED, India was used as a source of OH-.
Ethanol, and acetone were purchased from Aldrich and used for cleaning of copper cathode. Sodium hydroxide
(NaOH) (97.5 % Thomas Baker, India) was utilized to regulate pH value to base effect, Hydrochloric Acid (HCI)
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(37— 38 % , TEDIA COMPANY, INC) was used to adjust the pH value to an acid effect , Sodium chloride
(NaCl) (99.5%, THOMAS BAKER, India) was used to increase the conductivity of solution.

2.3 .The photo-electrochemical system

The experimental work was composed of two stages, the first is preparation of SnO2 anode based on the method
in work of Chang, et al.,2002 [39]. While in the second stage, treatment of wastewater in a combine process was
performed. In the first stage, Copper rode with an outside diameter of 20 mm and a length of 80 mm was used as
a substrate. It was cleaned sequentially by immersing it in a diluted hydrochloric acid solution (0.1M) for 10 min
followed by acetone to remove oxides layer then cleaned by a distilled water before starting the SnO2
electrodeposition. 750 mL of a plating solution containing 25 mM of Sn CI2.2H20 and 125mM HNO3 was put
inside 1L beaker and agitated at 300 rpm with heating up to 85°C via a hot plate magnetic stirrer (MTOP
MS300HS). Air was then blown into the solution for a period of 60 min for oxidizing Sn2+ to Sn4+. In the SnO2
electrodeposition, copper rode was used as a cathode and a hollow cylindrical graphite (100 mm outside
diameter and 80 mm inside diameter with 100 mm length) was used as an anode. A current density of 10
mA/cm2 was applied for a period of 30 min via a digital power supply type UNI-T (UTP1305, Hong Kong). At
the end of the cathodic deposition, SnO2 - copper rode was rinsed with water to remove remaining chloride
impurity and finely dried at room temperature.

The application of the combined process was based on using a photo-electrochemical system. It was composed
from mainly an electrochemical reactor which is tubular in its configuration and operated in a batch-recycling
mode with a photocatalytic reactor as depicted in Figure 1. The electrochemical cell was composed of a cell
body having dimensions (130 mm outside diameter and 90 mm length) with a cover having dimensions (130 mm
outside diameter and 10 mm thickness) both of them made from Perspex. The cell body has an inlet located at
the lateral surface with a diameter of 5 mm. A flange provided with four holes was attached to the top of cell
body for fixing the body with the cover. The cover was provided with two holes the first was located at the
center with a diameter of 10 mm used for fixing the anode while the second was located on the cover away from
the center with a distance of 40 mm has a diameter of 10 mm and used as an outlet. The cover has four holes for
fixing it with the cell body via four bolts and nuts. The electrochemical cell used in this work is based on
concentric electrodes arrangement which gives uniform current and potential distributions. The cathode was
316L stainless steel hallow cylinder. It has dimensions (70 mm outside diameter and 80 mm length) and was
fixed inside the cell body by bolt and nut positioned at the center of its length. The anode was the prepared SnO2
/Cu rode. A suitable current density was applied across the electrodes via a digital power supply type UNI-T
(UTP1305, Hong Kong). The photoreactor was 1.5 liters Perspex glass tank with dimensions (150 mm x 110
mm) provided with cover from the same material. It has two outlets located at the bottom; the first is for
discharging the treated water having a diameter of 10 mm while the second has diameter of 10 mm and used for
circulating the treated water with the electrochemical cell via a recirculation pump type: GRANDFAR: X15GR-
10. The cover of photoreactor has dimensions (140 mm outside diameter and 10 mm thickness) and contains
four holes. Two holes with a diameter of 10 mm used for inserting the house of UV lumps. The third has a
diameter of 30 mm and used for receiving the wastewater from the electrochemical reactor while the last one
used for inserting the air provided from an air compressor (HAILEAACO-318). The flow of wastewater was
fixed at 4 L/min using a flow meter type: Z-3001T, YYZX Co., China.
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Figure 1: The wastewater treatment system of photocatalysis-anodic oxidation process.

The experimental procedure is started with preparation the solution by taken 1.5 liter of wastewater and adding
the required amount of NaCl and catalyst then mixing the solution for 30 min at dark condition to insure
dissolving the salt adsorption the contaminants on the surface of catalyst then the solution was transferred to the
photoreactor and starting the circulation of the solution between the electrochemical cell and photoreactor using
a centrifugal pump. air was provided to the photoreactor at a flow rale of 3L/min via the air compressor. A
current density of 12 mA/cm2 was applied for a period of 150 min. In this study, the values of pH and dose of
catalyst of SnO2 was varied between two limits based on the previous studies in this field [ 9-12].

2.4. Analytical Methods

In wastewater treatment, COD was used as an accurate method for determining the constituents of wastewater
(organic and inorganic compounds). This test has the ability to measure the level of these compounds according
to the quantity of oxygen that totally needed for oxidizing them and converting them to CO2 and H2O. In the
present work, removal of COD was taken as a response for validating the hybrid process and its capability for
incinerating organic pollutants in wastewater from petroleum refineries. The test is based on taking 2 ml of
effluent and digesting it with an oxidizing agent (K2Cr207) after putting it in a thermal reactor (RD125,
Lovibond) for 120 min at 150 °C. The sample was cooled to ambient temperature and test by a
spectrophotometer (MD200, Lovibond) to find the COD value. A conductivity tester (HANNA Instrument Inc.
Romania) was used for measuring the solution conductivity while a digital pH meter (HANNA Instrument Inc.
Romania) was used for measuring the pH of solution.

2.5 Performance evaluation

The performance of the combined process was identified by calculating the efficiency of COD removing based
on Eq.1 [40]:
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COD;—COD

0/fs —
RE% = coD;

x 100 (1)
In this equation, COD;, COD;x are the initial and final values of COD in (mg/L) respectively, while RE% denotes
the COD removal efficiency

At the advanced oxidation processes such as EO and photo-catalyst process, electrical energy consumption is the
major economic factor that indicates the successful of a process. In the present work, calculating the electrical
energy consumption in the process of photo-catalyst is based on the proposal of the Photochemistry Commission
of the International Union of Pure and Applied Chemistry (IUPAC). It was termed as EEC; based on Eq.2 [41]:

PXtx1000
EEC, = vxlog(S2Po)
8%con,

)

In Eq.2 , P represents the UV lump rated power in kW, V denotes solution volume in liter, and time of
reaction denotes by (t) in hour. Hence, the required electrical energy consumption for the photo-catalyst process
would be in KWh/m®,

For the EO process, Eq.3 could be adopted for calculating the electrical energy consumption [42]:

EEC, = UX‘;'xt 3)

In Eqg. 3, (U) is the voltage of cell in volt and (I) denotes the applied current in ampere while EEC, is the
consumed electrical energy at EO (kWh/m°).

As a consequence, the energy consumed for the combined system would be the sum of EEC, and EEC; termed
as a total electrical energy (EEC+).

3. Results and Discussion

3.1 Effect of pH
Figure 2 displays the impact of pH on the COD removal while Table 2 presents the efficiency of COD removal
and electrical energy consumption at various pH.

1000
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Figure 2: The impact of pH on the removal of COD using AO + UV/Sn0,.. 12 mA/cm?, 0.1 g/L,150 min.
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Table 2: Impact of pH on the removal of COD using the combined process (AO + UV/SnO, ). 12 mA/cm?,0.1
0/L,150 min.

pH | COD; (ppm) | RE% | EECt(kWh/m®)

3 170 80.16 | 36.54
6 | 240 7199 | 457
9 1290 66.16 | 53.3

It was cleared that an increase in pH leads to a decrease in the removal efficiency of COD with an increase in the
specific energy consumption. It was stated that the efficiency of contaminants removal by EO would be
maximum at certain optimal values of pH that could be acidic. Specifically, this depends on the contaminants
chemical structure (i.e., protonated or not protonated, according to pH, consequently enhancing or not enhancing
its oxidation) [11]. Besides, OH¢ concentration and other stable oxidants in the solution are controlled by pH of
solution. Ghanim and Hamza, 2018 [43] demonstrated that the initial pH significantly effects on the efficiency of
the oxidation process. The authors highlighted that the acidity condition promote the (OH¢) activity, leading to
the adsorption of organic compounds with a high oxidation rate at the electrode. Moreover, the authors found
that a final concentration of COD were 120, 190, and 99 ppm at pH values of 10, 7, and 4, correspondingly.
Same results were noted by Duan et al. [44] and Li et al. [45].

Regarding to the effect of pH, SnO2 may be acidic in nature hence its impact should be taken into account
because pH could have impact on the photocatalyst surface by increasing the OHe leading to improve its
adsorption [46]. This behavior can be explained as the acidic conditions enhanced the production of H202
leading to increasing OH- and OH- radicles that react with contaminant leading to increase the degradation of
COD, while in basic condition, formation of carbonate ions increases which are scavengers of OH- ions leading
to lowering RE% [47]. In petroleum refinery wastewater treatment, Topare et al. [48] found that pH=3 is the best
value to get high removal efficiency of COD using TiO2.

3.2 .Effect of SnO2 dosage

Figure 3 displays the impact of SnO2 dosage on COD removal while Table 3 presents the removal efficiency and
electrical energy consumption at various SnO2 dosage.

It was cleared that increasing SnO2 dosage leads to a decrease in removal efficiency of COD with an increase in
the electrical energy consumption. The lowering in RE% beyond 0.1 g/L could be interpreting by the dissipating
more UV light from reaching the organics in the solution to the surface of catalyst for oxidizing them [49].
Similarly, Al-Hamdi et al. [46] used three values of catalyst dosage (65,75,100mg/50ml) of SnO2 or dopped
Sn0O2 and found that 65 mg/50 ml gives better removal for phenol. Same trend was also noted in case of using
composite SnO2-TiO2 catalyst for degrading phenol [50,51] or TiO2 in degrading the COD of petroleum
refinery wastewater [2,48].
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Figure 3: Impact of SnO2 dosage on the removal of COD using AO + UV/Sn02. 12 mA/cm2,pH=3,150 min

Table 3: The impact of SnO2 dosage on the removal of COD using the combined process (AO + UV/Sn02). 12
mA/cm2,pH=3,150 min.

Catalyst dosage (g/L) | COD; (ppm) | RE% | EECt(kWh/m®)

0.1 170 80.16 36.54
0.2 225 73.74 43.7
0.3 255 70.245 | 47.97

3.3. Comparison with combined process (AO + UV/TiO2).

Table 4 displays a comparison among AO + UV/SnO2, AO + UV/TiO2, and UV/SnO2 processes. It was cleared
that AO + UV/TiO2 has better performance confirming the findings of previous studies. In comparison with
UV/Sn0O2, the combined process gave an enhancement in COD removal from 75.5% to 80.16% with lowering in
the energy consumption hence anodic oxidation has a synergetic effect on the photocatalytic process. These are
new findings that confirm the possibility of application of AO + UV/SnO2 for treating petroleum refinery
wastewater as an ecofriendly process with lower energy consumption in comparison with application this
approach for textile wastewater industry [52]. The results of the present work give good removal of COD at a
short time. Topare et al. [48] investigated the removal of COD from PRW using TiO2/UV with a maximum
removal of 60% from an initial COD of 8200 ppm to a final of 3280 ppm.
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Table 4: Comparison between two combined processes (AO + UV/Sn02) and (AO + UV/TiO2).

Process Current density | Catalyst pH | Time | COD; | RE% | EEC+
(mA/cm?) dosage (g/l) (min) | (ppm) (KWh/m?)

uVv/Sno, 0.1 3 150 | 210 755 |39.29

Combined 12 0.1 3 150 |94 89.03 | 27.38

process/TiO2

Combined 12 0.1 3 150 | 170 80.16 | 36.54

process/SnO2

4. Conclusions

A combine photocatalytic with anodic oxidation approach was applied successfully to treat petroleum refinery
wastewater. Impact of operating factors such as SnO2 dosage and pH was studied based on AO + UV/SnO2.
Both pH and SnO2 dosage has agnostic effect on the removal of COD. An optimal and relatively low dosage of
Sn0O2 catalyst (0.1g/ L) was needed with initially adjusting the solution pH to 3 for getting a significant removal
of COD (80.16%) during 150 min in which a specific energy consumption of 36.54kWh/m3was required. While
using TiO2 gave better result of 89.03% at lower energy consumption. This is an indication that TiO2 has better
photocatalytic efficiency than SnO2. However, using SnO2 has a lower environmental impact in spite of a little
increase in the energy consumption.
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