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This research describes the photocatalytic design for oil removal from produced water. It involves batch and continuous processes.
The photocatalytic degradation of oil has been conducted in glass reactors. The effects of nano-TiO, concentration, the number of
lamps, and the time of radiation were studied in the batch system, while in the continuous treatment, the number of lamps, the
direction of light radiation, and the time of processes were studied. The results showed that all the oil was removed in the batch

system and the maximum percentage of oil removal was 71% in the continuous system.

1. Introduction

The regular processes of oil and gas manufacturing include
huge quantity of injected water to ease the oil recovery. This
water is transported to the surface lengthways with organic
compounds, salt, and additional solutes and is commonly
identified as “produced water” [1, 2]. The conformation of
produced water (PW) is multifaceted and can include nu-
merous compounds that differ in concentration. Dissolved
oil, aromatic hydrocarbons, and alkyl phenols (AP) are of
specific environmental anxiety [3]. Because oilfield wastes
cause environmental pollutions, handling is essential before
removal. Treatment of these wastes will possibly result in
enhanced oil/water separation, oil recovery, water recycle,
defense of downstream amenities, and environmental
license compliance [4]. The treatment of PW is definitely
significant as a result of lawmaking and environmental
concerns. All lengthways accompanying stringent envi-
ronmental regulations need diverse wastewater treatment
from oil and gas manufacturers before release and before
injection into reservoirs to decrease creation damage [5].
Produced water treatment is being industrialized to decrease

the quantity of the produced water to satisfactory levels [6].
Conservative treatment instituted has been less active for
removing some pollutants from produced water [7, 8].
Numerous techniques are obtainable for the separation of
organic content from produced water, counting a variability
of coagulation [9-11], adsorption [12], biological separation
[13], and membrane separation [14] . However, none of
these treatment approaches is active to treat the produced
water. Extra treatment stage is optional, which is known as
the advanced oxidation processes (AOPs) [15, 16]. AOPs can
totally destroy the organic contaminants to carbon dioxide
and water. Amongst the many AOPs, heterogeneous pho-
tocatalytic squalor has been originated to be an extremely
active treatment skill. TiO,, CdS, or ZnO are likely catalysts
in the advanced oxidation process. Nanodimensional TiO,
has an extremely exact surface area, which indorses well-
organized charge separation and charge tricking of ions on
the TiO, surfaces. The nanosized TiO, demonstrations
augmented oxidative power with opacity of the aqueous
phase associated with the bulk-sized TiO, [17-20]. Several
researchers deliberate the elimination of organic pollutants
by using AOPs: photo-fenton oxidation [21] and solar
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photo-catalysts TiO, and ZnO [22], and other researchers
used AOPs for other purposes such as removal of phenolics
[9], mineralization [23], treatment of gasoline-contaminated
waters [24], and removal of olive mill effluents [25, 26]. The
principal aim of this study was to remove oil from produced
water of Al-Ahdab Oilfield, Iraq, by using photocatalytic
oxidation processes: first, to find the optimum value of TiO,
and irradiation time for batch technical; second, to study the
effects of UV intensity, effect of light direction, flow rate, and
irradiation time on photocatalytic processes. It is worthy to
state that the removal of oil means that all the organic
pollutes will be degraded.

2. Materials and Methods

2.1. Materials. Titanium dioxide powder with a particle size
of less than 30 nm was used. Sodium hydroxide and H,SO,
(98% purity) were used to adjust the pH. Carbon tetra-
chloride was used to extract oil from the produced water. All
of the materials were used without additional purification.

2.2. Produced Water. The produced water sample was ob-
tained from Al-Ahdab Oilfield in Iraq. The produced water
used in these experiments was brought from the oilfield
exposed to the atmosphere and then kept in an environment
similar to their native habitat that contains oxygen until the
treatment process is beneficial. The characterization of
produced water is given in Table 1.

2.3. UV/TiO; Batch Reactor. The photocatalyst was charged
into 250 mL of produced water solution. The solution was
irradiated under UV hollow equipped with eight UV tubes
(each of 18 W consuming a wavelength of 365nm). A
magnetic stirrer was used to mix the solution in the con-
tainer. Prior to irradiation, the pH of the solutions was
measured using a WTW pH-720 digital pH meter. Titanium
dioxide rummage-sale in the various concentrations (25, 35,
50, and 150 ppm), room temperature, pH=6.5, and 1.5h
irradiation time.

2.4. Setup of Continuous Flow Reactor. The overall ar-
rangement of the experimental setup is presented in
Figure 1. The hollow (6) was made completely of wood with
black color with an effective volume of 75 x 75 x 85 cm”,
containing the photocatalytic glass reactor with a di-
mension of 50 x50 x20cm as shown in Figure 2. A feed
tank (1) of 251 volume was used to prepare the solution.
The solution was supplied by using a water pump (2). To
measure the flow rate, a calibrated flow meter (5) was used.

2.5. Continuous Photocatalytic Processes. Photocatalytic
oxidation of oil was achieved by use of a suspension of
required quantity of photocatalyst powder into 25liter of
PW. A solution containing 59.55 ppm of oil content was
used. pH was adjusted to pH=6.5 by addition of diluted
H,SO, solution into the feed tank (1) . The required amount
of TiO, (25 mg/1) was added to the feed tank (1). Circulation
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TasLE 1: Constituents of oilfield produced water used in this study.

Constituent Concentration mg1™
Oil 59.55
pH 6.86
TDS 137800
TSS 21
Calcium 7840
Magnesium 2352
HCO; 263
Dissolved oxygen content 0.07
Manganese 3
Zinc 1
Chrome 0.2
Iron 0.35
Sulphate 3763
Chloride 107192
Nickel 0.2

was allowed for 10 minutes when the valve (4) was locked to
get a uniform solution. The pump (2) was switched on, and
the solution was allowed to flow from the feed tank (1)
through the pump to the photocatalytic reactor (6). The UV
light source was switched on in the photocatalytic reactor
(6). Samples were taken via the valve (7). All experiments
were conducted at room temperature, and the flow rates (20,
35, and 50 ml/min) were controlled with a flow meter.
Samples were taken for analysis using the UV spectrometer
to find the percentage of oil removal in produced water using
the following equation:

Ao At 0,
7 =0 X 100%, (1)

0

where # is the percentage of oil removal, A, is the initial
concentration of oil in PW (mg-oil/l), and A, is the con-
centration of oil in PW at any time (mg-o0il/l). The con-
centration of oil was found by the following procedure:
0.25g of sodium chloride was added to 50 ml PW in the
separating funnel. Five milliliters of carbon tetrachloride was
added and shaken for 3 min. After 25 min, once the solution
separated into two distinct layers, the inferior (organic) layer
was occupied for the absorbance measurement, and from the
calibration curve, the oil concentration was obtained. The
wavelength of oil in produced water is 312 micrometer. It is
worthy to state that the amount of oxygen consumed to
chemically oxidize organic (COD) was measured before and
after the treatments and it was found to be 2000 and 63 ppm,
respectively. The UV spectrometer was used to measure the
oil concentration due to its availability in the laboratory.

3. Results and Discussion
3.1. Batch Photocatalytic Processes

3.1.1. Photo-Oxidation Performance. One of the purposes of
this work was to assess the knowledge on photocatalysis.
Figure 3 illustrates the oil percentage removal at different
titanium dioxide concentrations. From this figure, it can be
seen that the oil percentage removal is increased as the
concentration of TiO, increased from 91% at 25 ppm of TiO,
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FIGURE 1: A laboratory scale setup of the photocatalytic system. (1) Feed tank (produced water), (2) water pump, (3) divider, (4) valve,
(5) flow meter, (6) chamber containing the photocatalytic reactor, (7) sample extraction valve, and (8) container tank (“produced water”

treatment).

Oil percent removal

80
TiO, (mg/L)

FiGure 3: Effect of TiO, on oil percent removal (pH = 6.5; time = 90 min; room temperature).

to the maximum removal efficiency of 100% at 35ppm of
titanium dioxide. The greatest quantity of titanium dioxide
has to be determined with the intention of evading the use of
the needless catalyst in excess and also to confirm the whole
absorption of the irradiating photons so that an effective
photo remediation is achieved. The increase in TiO, con-
centration leads to increase in the surface area of catalyst, so
the removal of the organic pollutants will increase [27, 28].

3.1.2. Effect of Irradiation Time. The effects of irradiation
time on a photocatalytic reactor were examined using batch
experiments. Figure 4 shows the results. The oil percentage
removal increased with the increase in irradiation time. The
best irradiation time was 1.5hour; this agrees with Horng
etal’s result [29]. The photocatalytic treatment time needs to
be as little as to reduce electricity consumption, which

signifies around 60% of the whole operative cost by means of
electric light sources. However, if the immovable pre-
treatment time is also short, the intermediates that are re-
sidual in the solution might be motionless and structurally
alike to early biorecalcitrant composites and, consequently,
non-biodegradable [21].

3.2. Continuous Photocatalytic Processes. The photocatalytic
scheme was studied using the continuous process. The UV
radiation, direction of light radiation, flow rate, and irra-
diation time were studied. Intended for each assessment of
the system, the discrete factor was wide ranging, while the
others remain constant. The photocatalytic degradation
competence of the organization was tested under an indi-
vidual set of conditions. The volume of the reactor was
selected in order to get a suitable time of the process.
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F1GUure 4: Effect of irradiation time on oil removal (titanium dioxide =25 mg/L; pH = 6.5; room temperature).
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FiGure 5: Effect of the number of UV lamps on oil percent removal.

3.2.1. Effect of UV Radiation. To investigate the UV radi-
ation on the photoreactor, three experiments were con-
ducted at three different average UV intensities. The effect
of UV intensity on the photocatalytic process was studied
by changing the number of UV lamps (2, 3, and 4), while
the other conditions were constant (59.55mg/l initial oil
concentration with a pH value equal to 6.5, TiO, = 25 mg/l,
60min, flow rate=20ml/min, and temperature was
maintained through these experiments). Figure 5 illus-
trates the effect of the number of lamps on the oil elim-
ination efficiency for PW. It is apparent that the number of
supplementary UV lamps led to increase the removal ef-
ficiency due to increase in the free radicals. The experi-
mental results using 4 UV lamps are found to be adequate
for 100% oil elimination of produced water. It is clear that
the UV power tested in the current study was efficient. This
is consistent with the results of Muruganandham and
Swaminathan [30].

3.2.2. Effect of Light Radiation. A series of experiments
were conducted at different light directions and at different
flow rates (20-50 ml/min). The results indicated a decrease
in the degradaion of the oil contents when using the top
direction of the light compared with the side direction
especially at a low flow rate. The effect of the light direction

is clear in the 35 and 50 ml/min flow rate particularly in the
high flow rate as shown in Figures 6 and 7. The behavior
indicates that the surface area of contact of the side light is
lower than that of the top light. Therefore, the light di-
rection had a substantial effect on the rate of degradation.
The top light direction increases the generation rate of free
radical more than the side light direction. These expla-
nations are in agreement with those obtained by Haji et al.
[31].

3.2.3. Effect of Flow Rate. The flow rate is one of the sig-
nificant factors for investigating the rate of oil percentage
elimination from PW solution flowing through the photo-
catalytic reactor. The oil removal of produced water had
been investigated by varying the flow rate of produced water
solution from 20 to 50 ml/min. Figures 8 and 9 show that the
20 ml/min flow rate of produced water gives the maximum
oil removal. In consequence of higher flow rate, the irra-
diation time between organic content in produced water and
catalyst surface was reduced. As shown in Figure 8, the
removal of oil gradually reduced to reach about 84% in the
top and 79% in the side light direction. Low degradation
with increasing the produced water flow rate indicates the
effect of time for TiO, to degrade the pollutants. This finding
was in agreement with the results of Monteiro et al. [32]. This
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FiGgure 6: Effect of light direction on oil percent removal: flow rate 35 ml/min.
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FiGgure 7: Effect of light direction on oil percent removal: flow rate 50 ml/min.
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F1GURE 8: Effect of flow rate on oil percent removal (titanium dioxide = 25 mg/L; pH = 6.5; room temperature; 4 UV lamps in the top light
direction).

can be explained by the fact that the residence time is re-  to degrade the pollutant. Figures 8 and 9 indicate that ex-
duced; the contaminant cannot be oxidized because of the  tended residence time improves degradation rate effectively.
decrease of the residence time which is not edequate for TiO,  This is a consequence of the fact that the adsorption rate of
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FiGgure 10: Effect of irradiation time on percent oil removal.

oil molecule on the catalyst upsurges the active surface area,
and thus the reaction rate can be enhanced. It was shown
experimentally that flow rate and concentration are inversely
associated. The maximum oil removal efficiency for pro-
duced water was 100% at 20 ml/min using 4 UV lamps in the
top and side light directions.

3.2.4. Effects of Irradiation Time on Continuous Process.
The irradiation time of the PW in the continuous photo-
reactor depends mainly on the flow rate and volume of the
reactor. The effects of irradiation time were studied under
the following conditions: 59.55 ppm initial concentration of
oil content in produced water, pH = 6.5, room temperature,
and TiO, =25 mg/L. Figure 10 shows the results; the initial
degradation rate is higher that will possibly be owing to more
interaction between photocatalyst surface and produced
water. The oil elimination efficiency of 62.5% was attained
in 1 h when the retention time was augmented by the cu-
mulative volume of the photoreactor at 1.5h. The removal
effectiveness was increased to 66%. After treatment time
increased to 150 min, the degradation level of the oil was

significantly stable at 71% of oil removal efficiency. The
consequences obtainable above are in accordance with the
published findings [32, 33].

4. Conclusions

This work investigates the degradation of oil content from
produced water by heterogeneous photocatalytic oxidation
using nano-TiO, by batch and continuous treatments. The
photocatalytic degradation of oil content has been implemented
in the glass reactor. The effects of TiO, concentration, the
number of lamps, and the time of radiation were studied in the
batch system, and all the oil was removed. In continuous
treatment, the number of lamps, light radiation, and time of the
process were studied and the maximum oil percentage removal
was 71%.

Data Availability

The data used to support the findings of this study are in-
cluded within the article.
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