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Abstract: Produced water is the largest byproduct of oil and gas production. Due to the complexity
of produced water, especially dissolved petroleum hydrocarbons and high salinity, efficient water
treatment technologies are required prior to beneficial use of such waste streams. Photocatalysis has
been demonstrated to be effective at degrading recalcitrant organic contaminants, however, there is
limited understanding about its application to treating produced water that has a complex and highly
variable water composition. Therefore, the determination of the appropriate photocatalysis technique
and the operating parameters are critical to achieve the maximum removal of recalcitrant compounds
at the lowest cost. The objective of this review is to examine the feasibility of photocatalysis-involved
treatment for the removal of contaminants in produced water. Recent studies revealed that
photocatalysis was effective at decomposing recalcitrant organic compounds but not for mineralization.
The factors affecting decontamination and strategies to improve photocatalysis efficiency are discussed.
Further, recent developments and future research prospects on photocatalysis-derived systems
for produced water treatment are addressed. Photocatalysis is proposed to be combined with
other treatment processes, such as biological treatments, to partially reduce total organic carbon,
break down macromolecular organic compounds, increase biodegradability, and reduce the toxicity
of produced water.

Keywords: photocatalysis; produced water; water reuse; water treatment; affecting factors;
future prospects

1. Introduction

Produced water, a byproduct of oil and gas production, is water in underground formations
that is brought to the surface during oil and gas production. The methods used for produced
water treatment include basic separation technologies designed for the removal of total suspended
solids, oil and grease, and advanced treatment technologies designed for the removal of dissolved
organic compounds, inorganic ions, and radioactive materials [1-10]. Phase separation underlies basic
separation technologies, such as flotation, media filtration, coagulation/flocculation, centrifugation,
and hydrocyclone. These basic separation technologies are in most cases incapable of producing an
effluent compatible with higher standards for beneficial water reuse [11,12].

The commonly used advanced technologies for produced water treatment consist of membrane
filtration, thermal distillation, adsorption, ion exchange, and advanced oxidation processes (AOPs).
Nanofiltration and reverse osmosis (RO) are employed for the removal of the majority of organic and
inorganic constituents from produced water with total dissolved solids (TDS) concentrations typically
below 40 g/L [13,14]. Other technologies such as thermal distillation are required for produced water
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with higher TDS, such as up to 200 g/L [3]. Sorption to activated carbon, biological treatments and
AOQOPs are used for the removal of dissolved organic carbon (DOC) and are often combined with
desalination processes to reduce fouling and polish water quality [15].

The removal of dissolved organic compounds in produced water using different treatment
technologies was recently reviewed and identified as a bottle-neck for produced water reuse because
the organic compounds were not eliminated efficiently [1,16,17]. For example, the biological treatment
is used to remove organic constituents, especially in the downstream oil and gas industry [18], yet the
efficiency of the bioprocess could be severely impeded with the presence of highly toxic recalcitrant
compounds, such as benzene, toluene, ethylbenzene, and xylene [19]. The complexity of produced
water and the diverse requirements for fit-for-purpose applications (e.g., for generation of high-quality
water for steam production, irrigation or aquifer recharge) mandate the development of a multi-step,
integrated treatment train, i.e., the combination of different processes, to remove a broad range
of constituents. These technologies include pretreatment involving basic separation technologies,
treatment using desalination processes, and post-treatment to further polish water quality with AOP,
sorption, or re-mineralization. The detailed description of treatment technologies, their advantages
and drawbacks, energy consumption and cost efficiency can be found in a number of reviews on
produced water treatment [1-3,20-23].

Reactive oxygen or free radical species represent strong oxidants that can initiate AOPs in order
to degrade pollutants to simple and nontoxic molecules. Free radical species are atoms or molecules
containing at least one unpaired electron, such as hydroxyl radical (HOe), and the superoxide anion
radical (O;—se), with the HOe radical having attracted the most attention in this area [24]. AOPs are
used in oil- and gas-produced water treatment for the removal of organic and some inorganic
compounds, disinfection and the removal of odor and color [3]. Commonly used oxidants include
ozone, hydrogen peroxide, chlorine, and Fenton's reagent (combination of hydrogen peroxide with
ferrous iron). Produced water treatment technologies based on the combination of hydrodynamic
cavitation, ozonation, acoustic cavitation and electrochemical oxidation have been studied for the
removal of organic matter, bacteria and scalants, either for flowback reuse or as a pretreatment for
RO [25]. The choice of AOPs mainly depends on the characteristics of the hydroxyl radicals (¢OH)
generated, as they are highly reactive and have high oxidation potential. This fact enables these species
to completely degrade DOCs into CO, and water, or at least partially into less toxic compounds [26].
The destruction of organic contaminants is the main advantage of AOPs in contrast to other processes
such as active carbon, thermal and membrane technologies, which transfer the contaminants from one
phase to another [19].

Photocatalytic water treatment is a promising AOP for environmental remediation [27].
Compared to traditional oxidation processes, photocatalytic oxidation operates at ambient conditions
without a high temperature or high pressure, and many recalcitrant organic contaminants can be
degraded without the addition of chemical oxidants [28]. Moreover, photocatalysis has been proven
to be effective at transforming metallic ions and metalloids to less toxic species or species easier to
be separated from the system in a subsequent treatment step [29,30]. Since chemical consumption
and waste sludge production are one of the major concerns inhibiting produced water treatment,
photocatalysis is an attractive technology in comparison with other technologies. However, studies on
photocatalytic oxidation of produced water are quite limited, and there is lack of a comprehensive
critical review on this field.

For produced water treatment, the efficiency of photocatalysis can be impacted by the different
constituents present in a complex matrix composed by a high and heterogeneous concentration of
salts [16]. A comprehensive review is needed for further development of AOPs in produced water
treatment application. Therefore, this review focuses on evaluating the feasibility of photocatalysis on
produced water treatment and the impact of water chemistry. The objective of this work is to examine
the suitability of photocatalysis integrated in a multi-stage treatment train based on recent research
since 2010.
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2. Produced Water Characteristics, Treatment and Reuse

The United States produces an estimate of 890 billion gallons (3.37 billion m?) of produced water
annually, making it the largest waste stream associated with oil and gas activities [31]. The amount of
produced water generated every year keeps increasing with the expansion of unconventional oil and
gas development, which produced more than 50% of crude oil and natural gas in 2019 [32]. The oil
and gas production in the United States is mainly from seven key oil and gas basins: Appalachia
including Marcellus and Utica (Pennsylvania, Ohio, and West Virginia), Bakken (North Dakota and
Montana), Eagle Ford (South Texas), Haynesville (Louisiana and East Texas), Niobrara (Colorado and
Wyoming), and the Permian basin (West Texas and southeast New Mexico) [33]. Produced water flow
rate varies throughout the lifetime of an oil or gas well. Conventional oil and gas wells display little or
no produced water at the beginning, with the flow rate increasing over time. Most unconventional
hydraulically fractured wells display a high produced water flow rate initially due to the flowback
of fracturing fluids, followed by a decay in flow rate until it levels off at a relatively steady lower
level [34].

The physical and chemical properties of produced water vary considerably based on the geographic
location of the field, the type of hydrocarbon product being extracted, the extraction method employed,
and the minerals present in the bearing geologic formation. Since the water has been in contact with
hydrocarbon-bearing formations for millennia, it generally contains some of the chemical characteristics
of the formations and the hydrocarbons in those formations [35]. Produced water is typically saline
with high TDS, including calcium, chloride, magnesium, sodium, and sulfate. Organic compounds
are some of the main contaminants in produced water, including oil and grease (free, dispersed or
emulsified); volatile and semi-volatile organics, such as benzene, toluene, ethylbenzene, and xylenes
(BTEX); polycyclic aromatic hydrocarbons (PAHs); organic acids; and waxes. Contaminants in smaller
amounts include dissolved gases (e.g., ammonia and hydrogen sulfide), chemical additives used to
improve drilling and production operations, and naturally occurring radioactive materials leached from
some formations or precipitated due to water mixing. Additionally, heavy metals and transformational
byproducts that can form from the interaction between added chemicals and formation water have also
been found in produced water [9,34,36]. When collecting data for its 2016 hydraulic fracturing study,
the U.S. Environmental Protection Agency found literature reports of about 600 different chemicals in
some produced water samples [37]. The concentrations of some select constituents in produced water
are summarized in Table 1.

Table 1. Concentrations of select constituents in produced water [35].

Parameters Range Parameters Range
pH 4.3-89 Ca (mg/L) 18-132,687
TDS (g/L) 1.0-470.3 Mg (mg/L) 4-18,145
TSS (mg/L) 2-21,820 Na (mg/L) 316-134,652
DOC (mg/L) 3.4-5960 K (mg/L) 8.6-14,649
Alkalinity (CaCO3, mg/L) 6.1-2000 SO4 (mg/L) 0.5-7851
Total Ra (pCi/L) 0.2-18,045 Cl (mg/L) 1405-310,561
HEM (mg/L) 0.6-2000 HCO;3; (mg/L) 1.9-7355
MBAS (mg/L) 0.01-54 Ba (mg/L) 0-22,400

HEM: Hexane extractable material; MBAS: methylene blue active substances (anionic surfactants); TOC: total
organic carbon; TDS: total dissolved solids.

Currently, approximately 45% of produced water generated from onshore activities in the United
States is reused within conventional oil and gas operations for enhanced recovery in conventional
oil and gas operations, and well drilling and hydraulic fracturing operations in unconventional oil
and gas production [34]. Enhanced recovery techniques include injecting water or steam into the
formation to maintain pressure and help sweep more oil to the production wells. Another approach
for produced water management is to reuse it outside of the energy sector, such as in irrigation,
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municipal, and industrial sectors, or to discharge treated produced water to surface water or to recharge
groundwater. Discharges for agriculture and wildlife propagation are taking place mainly in Wyoming
with limited treatment such as settling and/or skimming. In Pennsylvania, produced water usually
receives limited or no treatment prior to transfer to the publicly owned treatment works, while in
the Marcellus and Utica shale areas of Pennsylvania, Ohio and West Virginia, produced water is
disposed via centralized waste treatment facilities by receiving various levels of treatment, from simple
physical/chemical treatments to advanced treatment utilizing membranes or distillation [37].

Beneficial uses of produced water outside the energy sector will require much more intensive water
treatment than that required to support hydraulic fracturing where minimal treatment (clean brine
for hydraulic fracturing) is sufficient [35]. The selection of appropriate technologies should consider
the produced water quality, water quality requirements for reuse options, treatment economics,
and minimize impacts to environment, local water resources, and public health [10,38]. To optimize
produced water reuse, fit-for-purpose treatment will be essential to minimize costs.

3. Photocatalytic Treatment of Produced Water

Photocatalysis is a recognized AOP for a variety of pollution remediations. With the irradiation of
UV or visible light, a semiconductor (e.g., TiO;) can generate hydroxyl and superoxide anion radicals;
then, these radicals can mineralize a wide range of organic compounds [39-42]. Equation (1) displays
the general process for organic pollutant degradation by photocatalysis. It is generally accepted that
electron-hole pairs are generated on the catalyst (TiO,) upon light absorption with light energy higher
than its bandgap (Equation (2)). An electron (e”) in a conductive band and a positive hole (h*) in
the valence band are generated as described by Equation (3). After the dissociation of the exciton,
the photogenerated electron and hole migrate to energetically favorable positions. The equilibrium
of charge separation depends on diffusion and drift currents, and depends strongly on the rates
of charge carrier generation and recombination. Surface water molecules can catch the hole and
produce a reactive hydroxyl radical (OH-) and H* that delocalizes on the nearby water molecules
(Equation (4)). Further reaction can lead to the creation of hydrogen peroxide (Equations (5) and (6)),
which also promotes the formation of hydroxyl radicals [43,44]. The hydroxyl radical and superoxide
radical anions (HOQ:) are the primary oxidizing species that can lead to oxidation of the organic
compounds [45]. Moreover, the volatile constituents in produced water such as methane can be
oxidized by the generated hydroxide radicals, and the main product of the photo-induced methane
transformation is hydrogen [46]. Recent studies on photocatalysis treatment of produced water are
summarized in Table 2.

Organic pollutant + O, semicondugtor, v CO; + HO + inorganic ions/acids 1)
TiO; 5 TiO; (7, h*) v)

TiO; (e7, h*) & TiO; (e7) + TiO, (h™) 3)

h* +H,0 —» OH-+H" (4)

e” +0,+H" - HOO- (5)

HOO- 4+ HOO: — HyO; + O, (6)
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Table 2. Summary of recent studies on photocatalysis treatment of produced water.

50f 18

Catalyst System Setup Test Solution Characterization Primary Results Ref.
is/wi PH5>-9UV Synthetic PW Glutaraldehyde (0.1 mM) ] . m 52-85% glutaraldehyde removal in 1 h, but majority of TOC remain 4
Photolysis/without catalyst 25 mL reactor 0-300 /L NaCl GC-FID TOC HR-MS g y jority [47]
Synthetic PW: toluene (10 mg/L), xylene (10 mg/L), m <16% TOC removal in 4 h
. UVApH30.1-0.5g/L naphthalene (3 mg/L), phenol (10 mg/L), acetic onifi ; . ; : ; :
P25 TiO /= E TOC GC HPLC m No significant differences were observed in TOC removal with a higher 19
2 of P25 (159 mg/L), malonic acids (10 mg/L), seawater P25 concentration [19]
matrix (56 mS/cm), COD 262 mg/L, TOC 92 mg/L
. slurry system 0.5 L Synthetic PW: acetic acid (150 mg/L), phenol m Best weight ratio of rGO-TiO, is 10%; 22% TOC removal in 5 h
rGO-TiO; UVA (10 mg/L), toluene (10 mg/L), (0, m, p)-xylenes TocGC m Reaction rates: acetic acid < phenols < naphthalene < xylenes < toluene [48]
(10 mg/L) and naphthalene (3 mg/L)
Synthesized PW: 25-150 mg/L petroleum m The viscosity was reduced by 51% in 6 h treatment
710 ZnOlnanorgd coated hydrocarbons and partially hydrolyzed viscosity HPLC | 68%, 62%, 56% and 45% removal of 25, 50, 100 and 150 mg/L HPAM were measured [49]
glass substrate polyacrylamide (HPAM) by HPLC
Synthesized oil sands process waters: 100 mg/L . .
TiO, 13L UV3pHL8712 P25 naphthenic acids, 110 mg/L dissolved silicate, TOC m No difference from UV photolysis alone [42]
& 91 mg/L colloidal SiO,, 3920 mg/L NaCl
m A strong improvement with the addition of catalysts but the enhancement of
PW: alkalinity 2.16 mg/L, PAHs 0.06 mg/L, Na photocatalysis was restricted by PW, particularly the aromatic compounds
500 mL UVC TiO, 16.4 g/L, K 240 mg/L, Mg 417 mg/L, Ca 1.1 g/L, S m The degradation of PAHs with high molecular weights was more sensitive to the
TiO, 730 m Turbidi NTU, COD GC-MS iations of salinity and insoluble matter due to their 1 lubilit (501
0.1g/L 730 mg/L, pH 6.8, Turbidity 17.6 NTU, COD variations of salinity and insoluble matter due to their lower solubility
1247 mg/L Synthesized solutions to simulate PW m The aromatic compounds worked as UV photon absorbents and competed
with PAHs
pH 3-70-0.25 g/L. m pH has significant impact on COD removal, better performance at lower pH
Maghemite (y-Fe;O3) catalyst 0-100 W UV synthetic PW: 600 mg/L BTEX CcOD m Under pH 3, best efficiency was 95% in 5 days with visible light, 97% removal in [51]

0-225 W visible light

90 min with UV light

PW: produced water, COD: chemical oxygen demand, TOC: total organic carbon, GC-FID: gas chromatograph—flame ionization detector, HR-MS: high-resolution mass spectrometric,

PAHs: polycyclic aromatic hydrocarbons, BTEX: benzene, toluene, ethyl benzene, xylene.
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3.1. Decomposition and Mineralization

In the last decade, the study on photocatalytic treatment of produced water was quite limited, and
most of the studies used synthetic produced water [19,42,47-50]. The target contaminants were focused
on the main groups of contaminants usually present in produced water, including glutaraldehyde,
toluene, xylene, naphthalene, phenol, acetic, etc. Some of them could be decomposed quickly, but
the mineralization rates of all constituents remained slow. Jimenez et al. [19] investigated different
AOPs (photocatalysis, Fenton, and ozonation) on synthetic produced water treatment. Among these
techniques, photocatalysis was found to be the less effective for the treatment of produced water, as
total organic carbon (TOC) removal was lower than 20% for the best scenario after 4 h treatment.
No significant differences were observed in TOC removal at a higher P25 TiO, concentration. However,
analysis using gas chromatograph-mass spectroscopy (GC-MS) confirmed the total abatement of
smaller, volatile organic contaminants (i.e., toluene, xylene and naphthalene) and the decrease in
phenol content (up to 99%). Similar comparison was conducted by Liang et al., they observed no
significant reduction in TOC (for large molecular organic constituents such as oil and grease, and
natural organic matter) for both TiO, photocatalysis and UV photolysis [42]. Graphene-like TiO,
nanocomposites (rGO-TiO;) exhibit higher photocatalytic activity than bare TiO; in the treatment of
synthetic produced water containing high salinity levels and different compositions of recalcitrant
dissolved organic matter. The photocatalytic reaction rates increased in the order of acetic acid <
phenols < naphthalene < xylenes < toluene, but only 22% TOC removal in 5 h [48]. Partially hydrolyzed
polyacrylamide (HPAM) is a commonly used polymer for enhanced oil recovery. Al-Sabahi et al.
reported a new approach to use vertically aligned zinc oxide nanorods supported on substrates
engineered for improving their visible light harvesting capacity for effective solar photocatalytic
degradation of HPAM. After a 6 h treatment, 68%, 62%, 56%, and 45% removal of 25, 50, 100 and
150 mg/L HPAM, respectively, was reported. Mineralization was observed as 20% and 37% TOC
reduction after 7 h and 14 h reaction times, respectively.

In summary, photocatalysis is demonstrated to be effective at decomposing recalcitrant organic
compounds but not to achieve mineralization, which is consistent with other photocatalysis studies
on water and wastewater [44,52]. For produced water treatment, it is recommended that multiple
technologies be used in series operation to further reduce organic contaminants and intermediate
products of photocatalysis. More attention should be paid for toxicity and biodegradability because
these parameters significantly influence the design of subsequent treatment processes and overall
product water quality.

3.2. Toxicity

Different approaches for acute and chronic toxicity evaluation have been applied for photocatalytically
treated wastewater effluents such as bioassays with bacteria [53], seawater invertebrates [54], freshwater
invertebrates [55], microalgae [53], plants (phytotoxicity) [56], and mammalian cells (genotoxicity) [57].
As reported in the majority of the studies, photocatalytic treatment is effective at decreasing toxicity of
wastewater [44].

Even though the number of toxicity studies of photocatalysis increases, limited studies have
mentioned toxicity evaluation for produced water treatment. The toxicity test is usually measured on
the basis of the median effective concentration (ECsp), which is the concentration of a substance in
an environmental medium expected to produce a certain effect in 50% of test organisms in a given
population under a defined set of conditions. Jimenez et al. used Vibrio fischeri as test organisms to
evaluate acute aquatic toxicity according to the basic test methodology. The results can be categorized
into four classes depending on their toxicity using ECsg values established by Calleja et al. [58]: class I
(very toxic), ECsy < 25%; class II (toxic), when 25% < ECsq < 75%; class III (slightly toxic), ECsg = 75%;
and class IV (non-toxic), ECsy > 75%. The samples treated by photocatalysis ranged between 13 and
16%, which indicates that the effluent resulted somewhat less toxic than the initial produced water
(ECs9 = 10%), in comparison with 40% for ozone and 57% for HyO, [19].
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Batch ozone-photocatalytic oxidation using O3/UV/TiO, was performed in a laboratory-scale
reactor to evaluate the efficiency of these processes in the degradation of contaminants and/or decrease
in the ecotoxicity of produced waters of petroleum refineries [59]. The bacterial luminescence inhibition
test using Vibrio fischeri and the fish toxicity test using juvenile guppies (Poecilia vivipara) were
conducted in the testing laboratory. Acute toxicity tests showed a high toxicity of the raw effluents
ECsp < 1.55%, lower toxicity toward bacteria (ECsp = 30.9%) after 60 min treatment but remained high
in fish (ECsp = 1.9%). This is because some toxics such as metals and ammonia compounds cannot be
eliminated by the photocatalytic treatment, and the treated wastewater samples have significant toxicity
toward the fish species, while the bacterial species was more tolerant to the photocatalytic-treated
wastewater samples. Post-treatment, such as the biological treatment or the sorption process, is required
for further removal of metals and ammonia compounds. Unfortunately, the study did not provide
toxicity tests with single photocatalysis, as it is hard to distinguish the effect of photocatalysis from
ozone, but it did demonstrate an efficient combination of photocatalysis with ozone to decrease
produced water toxicity. More research on toxicity of produced water and photoinduced toxicity is
needed to support the application of photocatalytic treatment technologies.

4. Factors Affecting Photocatalytic Performance

General factors affecting the photocatalytic activity, including pH, light wavelength and intensity,
catalyst dosage, temperature, and concentration of salts and target contaminants, have been
fully discussed in other photocatalysis reviews focusing on conventional water and wastewater
treatment [43,52,60,61]. These factors either depend on the target contaminants or rely on the catalyst
properties. Catalyst properties play a critical role for photocatalytic performance and, on account
of limited data, they will be discussed in future research prospects (Section 5.5). Factors such as
solution pH, catalyst dosage, temperature, and contaminant concentrations cannot be defined given
the complexity of produced water and limited removal efficiency (as discussed in Section 2). Moreover,
light wavelength and intensity are associated with the catalyst light absorption range and, in addition
to high UV absorption of the aromatic compounds in the produced water (as discussed in Section 4.2),
they further lower the impact of the light source on photocatalysis. Because the scope of the present
work is focused on the factors affecting photocatalytic performance on treating produced water,
we primarily discuss the factors that are associated with produced water chemistry.

4.1. Ionic Species in Produced Water

The presence of ionic species in produced water can affect the photocatalytic degradation [39,41].
Ionic substances such as chloride, carbonate, bicarbonate, nitrate, nitrite, and phosphate ions can affect
photoelectrons generation, electron-hole recombination, and hydroxyl radical scavenging. The reaction
of hydroxyl radical with chloride, carbonate and bicarbonate ions can be described in the following
equations [43]:

ClI” +HO- — Cl-+OH" ?)
CO3™ + HO- — COj-+OH~ (8)
HCO; +HO- — COj;- +H0 9)

Among these inorganic anions, chloride ions can play a detrimental effect on photocatalytic
treatment by scavenging holes and hydroxyl radicals, given rise to the generation of less reactive
chloride radical (Cl-) and dichloride radicals (Cl;) (Equations (10)—(12)) [62].

CI” +hi, &l (10)

ClI” + HO- & CIOH™ (11)
Cl"+Cl —Cl; (12)
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4.2. Organics in Produced Water

Organics are one of the prominent inhibitors for produced water treatment. Because photocatalysis
is a combined process of adsorption and degradation, the existence of organics in produced water
can affect removal efficacy of these two processes. The organic matter can prevent the breakdown
of contaminants through site blockage, hydroxyl scavenging, and light absorption [63]. Recalcitrant
compounds present in produced water, such as acetic acid and toluene, have a low reaction
rate with radicals, which makes them refractory and hard to decompose [19]. Studies treating
recalcitrant-to-OH-radicals components, such as acetic acid, phenol, and naphthalene, in produced
water, are scarce and the removal efficiencies were reported to be low [48]. Catechol, dihydroxy
benzenes, hydroquinone, and resorcinol were found to hinder severely photocatalytic reactions [64].
It was reported that some wastewater-derived organic matter could scavenge up to 95% of hydroxyl
radicals [65]. The effects of insoluble particulate matter and organic composition of produced water on
photocatalytic performance were evaluated by Liu et al. [50]. The organic composition was found the
more likely factor retarding the breakdown of PAHs. In addition, the aromatic compounds played a
key role in absorbing UV photons owing to their abundance and UV sensitivity. Moreover, the aromatic
species can compete with PAHs for adsorption sites and activated species during the photocatalytic
process. Hence, aromatic substances of high concentrations could significantly reduce the overall
photocatalytic activity.

5. Future Research Perspectives

As shown in Figure 1, interests in photocatalytic treatment of produced water are growing
remarkably, but only a few studies are employing photocatalysis into produced water treatment,
as summarized in Table 2. Hence, more research is required to evaluate photocatalytic performance in
produced water treatment. Future research directions are suggested in this section.

20152020 |

2010-2014
2005-2009
2000-2004

before 1999

0 500 1000 1500 2000 2500

Figure 1. Number of publications mentioning photocatalysis and produced water. Data collected from
Google Scholar.

5.1. Biodegradability Improved with Photocatalysis

As discussed in Section 3.1, photocatalysis could not achieve complete removal of TOC from
produced water as a stand-alone treatment process. Photocatalysis can be coupled with other treatment
processes such as the biological treatment to increase the treatment efficiency of both processes [60,66].
The nonselective reactivity of radicals on the non-biodegradable water-soluble pollutants determines
that the photocatalytic process can be used effectively as a pre-treatment step to enhance biodegradation
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of recalcitrant organic pollutants prior to biological water treatment. Hence, future work should focus
more on demonstrating its efficiency in degrading a wide range of ambiguous refractory organics into
readily biodegradable compounds, instead of achieving mineralization to innocuous carbon dioxide
and water.

The biodegradability can be measured by the ratio of biochemical oxygen demand (BOD) and
chemical oxygen demand (COD), where a low ratio represents low biodegradability of the organic
compounds present in the solution. The BOD/COD ratio of produced water can be less than 0.1 [67],
indicating the non-degradability proprieties of the produced water and the requirement of advanced
treatment. The increase in biodegradability, i.e., a higher BOD/COD ratio, suggests macromolecular
and bio-refractory organic matter could have been degraded to smaller molecules and become
more biodegradable. The BOD/COD ratio can be used as a simple, straightforward indicator for
photocatalysis to exhibit a great contribution to the biodegradability improvement of produced water,
making the produced water more suitable for microbial growth.

5.2. Toxicity of Catalysts

The concerns regarding catalyst toxicity as engineered nanomaterials have risen in recent years
towards the potential risks and toxicology to human health and the environment. This is associated
with the fact that photocatalytic nanoparticles (e.g., TiO, nanoparticles) have been widely used in
personal care products, such as sunscreens and chewing gums. There are increasing concerns regarding
the potential risks of the nanoparticles to human health due to the direct and repeated exposure [68].
Debates are further powered by complaints and warnings from toxicologist and researchers all over
the world that arise from the challenges related to the toxicity assessment of nanomaterials [68].
In addition, not all the synthesized materials have been considered in toxicity studies and the juvenility
of nanotechnology impedes realistic exposure scenarios.

In the last decade, the number of publications studying toxicity of nanomaterials has increased
continuously. TiO; nanoparticles have shown a toxic effect on numerous organisms and cell lines,
including algae [69,70], bacteria [71-73], fungi [74], human keratinocytes [75,76], and water organisms
like Daphnia magna [77,78] and fish [79,80]. In most of the studies, toxicity relied on nanoparticle
concentration as well as irradiation intensity and duration. Phototoxicity was also reported on CuO [81],
ZnO [69], and CdSe/ZnSe quantum dots [82] when they were irradiated with UV-containing light.

Friehs et al. reviewed photocatalytically active nanoparticles extensively for numerous
environmental and energy related applications [68]. They summarized two main mechanisms
of phototoxic effect on living organism: the production of reactive oxygen species and the dissolution
of metal ions [83]. However, most phototoxicity studies are focused on TiO,, mainly P25, and there was
also a limited species diversity in nanotoxicity studies [84]. Only a small amount of the materials and
the respective doping, coatings or other modifications that alter their physicochemical properties have
been studied. Moreover, the high number of parameters that can influence the outcome of experiments
may lead to inconsistent and conflicting data [85], thereby not allowing meaningful extrapolation of
the conclusions to other nanomaterials. Therefore, toxicity of catalysts should be carefully investigated
to ensure safe application of photocatalysis and other AOPs to produced water treatment.

5.3. Photoinduced Intermediates

To evaluate the suitability and niche of photocatalysis in produced water treatment trains, there is a
great need to understand the toxicity of the intermediates generated during photocatalysis. Meanwhile,
the identification of key photoinduced intermediates can help fully elucidate the reaction mechanism.
The detection of intermediates can be achieved by conducting high-performance liquid chromatography
with tandem mass spectrometry (LC-MS/MS) analysis, which can qualitatively and quantitatively
determine the organic intermediates even at trace concentrations. Several research groups have
studied the photochemical and photocatalytic degradation of various organic contaminants, including
pharmaceuticals (e.g., ibuprofen, metoprolol) [40,86], insecticide (e.g., thiacloprid) [87], phenol [88],
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4-chlorophenol [89], etc. To the best of our knowledge, to date, there is no study on the detection of
intermediate products for produced water treatment.

Intensive attention has been devoted to the characterization of organic compounds in produced
water in recent years. There are several advanced analytical techniques for characterizing and
quantifying dissolved organic matter, including gas chromatography coupled with flame ionization
detector (GC-FID), thermal conductivity detector (GC-TCD) or mass spectrometry (GC-MS) and
liquid chromatography (LC) coupled with UV diode array detector (LC-UV), organic carbon detection
(LC-OCD) or mass spectrometry (LC-MS). GC-based methods are extensively used for analysis
of volatile and semivolatile compounds, including natural gas constituents (methane and ethane),
BTEX (benzene, toluene, ethyl benzene, xylene), and diesel-range semivolatile organics. LC-based
techniques are more suitable for non-volatile organic compounds, such as surfactants, fatty amines,
and high molecular weight ionic polyacrylamide friction reducers [90]. Mass spectrometry (MS) is the
most powerful detector to characterize complex fluids and has been extensively used for PW analysis.
It can provide qualitative and quantitative information about the analytes with the help of standards
or mass spectral libraries. Tandem high-resolution mass spectrometry (HRMS/MS) can provide crucial
information to elucidate the elemental composition and structure of the compounds in the sample.
The mostly widely used HRMS/MS includes quadrupole-time of flight mass analyzer (Q-ToF), orbitrap
mass analyzer, and Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR-MS).

Nontarget analysis is a critical tool to identify the intermediates due to their “unknown” property.
Nontarget analysis heavily relies on HSMS/MS, such as Q-ToF, Orbitrap mass analyzer, and FI-ICR-MS.
This approach requires no prior information about the unknown chemicals in the sample. The basic
procedure for nontarget analysis is first to collect the mass spectra of unknown chemicals, and data
processing techniques are used to assign potential molecular formula [91,92]. Chemical structure
identification is achieved by database spectra-searching or matching the MS/MS spectra and retention
time with reference standards. HSMS/MS has been used to identify the degraded products of organic
compounds in produced water during hydraulic fracturing and biological treatments [93,94].

5.4. Photo-Detoxication of Heavy Metals

Photocatalysis has been demonstrated to convert the ionic species into their metallic solid form
and deposit them over the semiconductor surface or transform them into less toxic soluble species.
When a transformation to the zero-valent state is possible, this allows the recovery of the metal from
the water, with an economic return [29,30]. Produced water contains heavy metals such as mercury
and lead, as well as metalloids such as arsenic, in varied concentrations depending on formation
geology and age of the well [1,95]. Concentrations of heavy metals in produced water are usually
higher than those found in sea water; commonly studied metals include Ba, Cd, Cr, Cu, Pb, Hg, Ni, Ag,
and Zn [3,95,96]. Produced water contains other trace metals, including Al, B, Fe, Li, Mn, Se, and Sr.
Certain metals are of particular environmental concern as they may bioaccumulate and/or be toxic [96].
Although heavy metals are not primary contaminants of produced water, photo-detoxication of heavy
metals can reduce the toxicity of produced water and facilitate reuse applications.

Heavy metals such as hexavalent chromium (Cr(VI)) present the highest environmental threat
due to their toxicity for biological organisms together with their high solubility and mobility, while
Cr(Ill) is considered non-toxic or of very low toxicity, and their mobility is lower than those of
Cr(VI) [97]. The removal of Cr(VI) by photocatalytic-induced reduction reaction is highly efficient and
environmentally friendly. A number of studies have been published on the photocatalytic reduction in
Cr(VI) employing TiO,, modified TiO,, and other semiconductors, such as ZnO, CdS, ZnS, and WO;,
which have already been described in other reviews [98-100]. Another example of metalloids is arsenic,
which mainly comes from natural sources due to dissolution of minerals in surface or groundwaters
or volcanic processes [101,102]. Previous studies demonstrated that photocatalytic treatment is an
efficient approach to promote oxidation of arsenite(Ill) to arsenate(V) [103]. Transformation to As(V)
makes it easier to use conventional technologies, e.g., ion exchange and adsorption [30]. Nevertheless,
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to date, limited research on heavy metal treatment from produced water has been reported. The toxicity
of heavy metals in produced water is another concern for future produced water management.

5.5. Catalysts

As shown in Table 2, almost all photocatalytic treatments of produced water have been reported
to be low in efficiency and require a longer reaction time (e.g., in hours). Various strategies have
been adopted to improve the electron-hole pair recombination and narrow the band gap to widen
the absorbance from UV to visible light range. However, the main reasons for low photocatalytic
efficiency in produced water could be attributed to low efficiency of illumination and quick poisoning
of catalysts. Given the complex composition of produced water, light transfer could be limited by
the suspended solids and absorbing and scattering liquid to the catalyst. In addition, a large number
of constituents could accumulate on the catalysts surface and further reduce the light reaching the
catalysts, resulting in low efficiency and catalyst inactivation. Therefore, photocatalysis is not effective
when applied to raw produced water and requires a certain level of pre-treatment.

Another option is to enhance the surface area of catalysts that provides a larger illuminated
surface to absorb light. The suspended configuration is related to a high volumetric generation
rate of reactive oxygen species in proportion to the active sites of catalysts used in suspension [103].
Still, a supplementary system to separate catalysts from the treated water needs a new process to
overcome catalyst loss and its introduction into the environment. Immobilized configuration eliminates
the subsequent separation system, but the light reflection by the photocatalyst support and the reduced
amount of the active site together with the enlarged mass transfer limitation poses a serious concern
that needs to be addressed.

A third option is to eliminate the constraints associated with operating parameters. Since the
chemical composition and pH of produced water varies considerably from formation to formation and
well to well, efforts should be made in the area of catalyst modification for a wide range of operating
conditions, such as temperature, pH and contaminant concentrations. The impact of modification
methods on catalyst properties cannot be ignored. The hydrothermally prepared catalysts often
contain physiosorbed and lattice water, which may contribute to the efficiency of photocatalysts,
and lattice water may help the separation of the electron-hole pairs [104,105]. It has also been
reported that there are cationic impurities in the lattice on the electronic properties of synthesized
catalysts [106,107]. Practice reveals the controversial results of metal-doping catalysts, which can be
explained by the competing processes of photogeneration and recombination of electron and hole
pairs [104,108]. Additionally, research should also be conducted on semiconductor modifications
to achieve a self-cleaning capability. Modification of catalysts can optimize interactions of catalyst
particles and organic pollutants, thus resisting contaminant accumulation on the catalyst’s surface and
reducing the risk of catalyst poison.

6. System Integration

High concentrations of ionic species and recalcitrant organics in produced water require a
holistic treatment solution with the consideration of an integrated multiple processes approach.
Light absorption and scattering in produced water can significantly reduce the irradiation reception of
a catalyst. In order to enhance the photocatalytic performance in treating produced water, physical
separation processes, such as an oil-water separator, a coalescer or hydrocyclones, are required to
eliminate suspended solids, oil and grease [109].

After physical separation, biological processes can be employed to further reduce organic
constituents in produced water effluent [110]. However, due to the complexity of produced water,
some constituents are difficult to be removed biologically and often persist after a conventional
secondary biological treatment. Photocatalysis can breakdown residual compounds in many industrial
wastewaters that are hardly biodegradable [111]. Therefore, a combination of photocatalysis with
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the biological treatment is suggested to minimize treatment costs and improve the overall treatment
efficiency, as shown in Figure 2.

Produced water ‘@ @ @

0,
A 0,"
TiO,+hv — h'+ e
H,0/OH e ’
Physical separation Photocatalysis Bioreactor

Figure 2. Proposed produced water treatment train.

Although the combination of photocatalysis and biodegradation has been proved to be effective in
wastewater treatment [111-114], the application in produced water is still quite limited with only one
reported study thus far. Correa etal. investigated the efficiency of an ozone-photocatalyzed O3/UV/TiO,
oxidation process followed by biological remediation for produced water treatment. The result was
promising—after a 5 min O3/UV/TiO, oxidation process, phenol concentration decreased by 99.9%,
sulfide by 53.0%, COD by 37.7%, oil and grease by 5.2%, and ammonia by 1.9%, while after 60 min of
oxidation treatment, the removal efficiency increased to 99.9% for phenols, 98.2% for oil and grease,
97.2% for sulfide, 89.2% for COD, and 15% for ammonia. The acute toxicity tests with the bacterium
Vibrio fischeri and the fish Poecilia vivipara revealed that produced water presented a high toxicity
(ECsg < 1.55% for both species). The combined oxidation and biological process showed a significant
toxicity reduction with ECsg = 89.2% for bacteria and ECsg = 85.7% for fish [59].

The concept of a physical separation (photocatalysis) biotreatment would not only improve the
activity of the biological treatment, but also improve the water quality of product water by toxicity
reduction. In addition, photocatalysis can be also used as a post-treatment to polish the product water
quality by degrading organic residuals. More research is required to further prove the feasibility of the
combined system for produced water treatment.

7. Conclusions

In order to meet the needs of environmental regulations as well as reuse and recycling of
produced water, extensive efforts have been devoted to investigating produced water treatment
technologies. In produced water treatment, no single technology can meet suitable water quality
requirements, therefore, multiple technologies have to be used to remove a wide range of contaminants.
Choice of the best technology depends on the chemistry of the produced water, cost effectiveness,
space availability, reuse and discharge plans, durable operation, and byproducts. Photocatalysis is
a promising destructive technology due to low or no chemical consumption and no waste sludge
production during the treatment. Studies on photocatalytic oxidation of produced water are quite
limited, and there is a lack of a comprehensive understanding of the applicability of photocatalysis
and the strategies to improve the treatment efficacy. The objective of the present work is to critically
review the feasibility of photocatalysis-involved treatment solutions and factors affecting produced
water treatment.

Photocatalytic activity can be significantly impacted by the aqueous chemistry of produced
water. Ionic substances, such as chloride, carbonate, bicarbonate, nitrate, nitrite, and phosphate ions,
can affect photoelectrons generation, electron-hole recombination and hydroxyl radical scavenging.
However, ionic strength caused by chloride, calcium, magnesium, and sulfate can change the type
and concentration of adsorption sites and the electrostatic interactions in the interface of a solution
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and catalyst. High organic contents are one of the prominent inhibitors for produced water treatment
through site blockage, hydroxyl scavenging, and light adsorption. In order to enhance the photocatalytic
performance in treating produced water, conventional physical separation processes are required to
eliminate suspended solids, oil and grease.

Research on photocatalytic treatment of produced water is very limited, and most studies used
synthetically produced water. The results revealed that photocatalysis was effective at decomposing
recalcitrant organic compounds but not for achieving mineralization. Therefore, photocatalysis can
be used as a pretreatment with other treatment processes such as biological treatments to partially
reduce TOC, break down macromolecular organic compounds, increase biodegradability, and reduce
the toxicity of produced water. Photocatalysis can be also used as a post-treatment to polish the
product water quality by removing contaminant residuals. In addition, there is a research need for the
modification of photocatalysts that are adaptive and flexible for a wide range of operating conditions,
with an improved specific surface area and self-cleaning capability.
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