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Abstract: Produced water (PW) is a by-product of oil and gas operations, and its production
is foreseen to increase in the upcoming years. Such an increase is justified by various entities
through their projection of the expected increase in the demand of oil and gas. The treatment
of produced water is a significantly growing challenge for the oil and gas industry that requires
serious attention. The first part of this review will present the underlying issue of produced water and
relevant practices. With adsorption being defined as the least expensive treatment method, the second
part will introduce general adsorption principals. The third part will describe the recent applications
of adsorption for the treatment of PW with more focus of categorizing the adsorbents as natural and
non-natural adsorbents. The main aim of this review is to shed light on the recent research related to
PW treatment using adsorption. This is performed to highlight the shortcomings in PW adsorption
research and recommend research pathways that can help in developing the field further.
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1. Introduction

Large amounts of wastewater are generated during the oil and gas operations, and they are
often referred to as produced water (PW). It is basically a combination of the water originally exiting
in the wells, which is the formation water, and any additional water injected for enhanced oil and
gas recovery. By far, this water is the largest produced volume by industry and can accommodate
different contaminants, such as oil compounds, dissolved minerals, chemical compounds and dissolved
solids [1-4]. The contaminants constituting PW can vary drastically depending on the geolocation
and the petroleum product obtained [5]. To showcase this variation, Table 1 shows a sample of PW
concentrations and how they vary depending on the country. Based on this variation, it is difficult to
assign generic characteristics to PW and its contaminants.

Table 1. Examples of PW concentrations.

PW Source Hydrocarbon Concentration (mg/L) Reference
Yangtze Petrochemical Company (China) 6000 [4,6]
Oil India Limited (India) 366 [4,7]
Brazilian Oil Production (Brazil) 250 [8,9]
BP AG Refinery (Germany) 200-1000 [8,10]
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PW contaminants could have detrimental effects on the aquatic environment, as this contaminated
water is often discharged to surface water, especially for offshore operations. Depending on the
geolocation of the discharge, a specific regulatory limit stands for the amount of contaminant present
in PW [11,12]. Thus far, most countries in Europe, North/South America and the Middle East adopted
near zero discharge regulations [13-17]. These regulations vary and in Table 2, it is shown how PW
discharge regulations differ depending on the country of operation.

Table 2. Hydrocarbon discharge regulations in different countries.

Country  Hydrocarbon Discharge Regulatory Level (mg/L) Reference

US.A 42 [15,16]
Australia 30 [15,17]
Colombia 15
Argentina 5

Discharge level is a topic of importance in the oil and gas industry due to the projected increase in
demand for energy [18]. According to the IEA, the need for fossil fuel is expected to grow drastically
in the upcoming years [19]. As a result, it is foreseen that the amount of PW from the oil and gas
industry will increase [18]. The expected increase of PW is mainly related to two factors: (i) increased
production of oil/gas and (ii) age of the oil/gas field. With these two factors, the increase of PW is
projected to be more than the current levels [1,12,18]. Based on this expected increase, a treatment
method that can handle large volumes of PW is required and this is while economically covering a
range of contaminants. With these requirements and based on the literature available, the adsorption
approach is the best treatment option that can deliver these requirements for PW. Adsorption treatment
approach is reported to operate at low concentrations with less operation time and much lower cost
than other treatment methods [20,21]. Lowering the cost of treatment gives potential to PW for reuse
in several practices. Such practices can range from injection into petroleum wells to industrial and
domestic usages [16]. Managing PW by reusing it gives an incentive to industries, as treatment assigns
a value to PW in the economy [5].

While most previous adsorption review papers consider generalized point of views related to the
adsorption process, this review focuses on the application of adsorption for produced water treatment.
The aim is to evaluate the current output of PW adsorption research and present the potential of
recent adsorption system studies. It is important to note that the inclusion of heavy metals in this
review is based on the point view that heavy metals are potential contaminants in PW. Depending on
the geolocation of PW, these metals can vary between barium, lead, copper, cadmium, chromium,
iron, arsenic, mercury and zinc [22-25]. With an emphasis on these heavy metals being part of PW,
this review paper will discuss adsorbent systems that target heavy metals and hydrocarbons. The first
part of this review will explain the main principles of adsorption and how it is reported in the literature.
The second part will focus on the adsorbents investigated with respect to PW and their main reported
results. Finally, research recommendations from the authors’ point-of-view are stated for the guidance
on how the field of PW adsorption should evolve.

2. Adsorption

In the literature, the materials used for PW are commonly assessed by characterization, kinetics
and isotherms [26]. On a molecular level, adsorption is a process where attractive forces associate a
solute (adsorbate) to a solid surface (adsorbent). The solid material used for the adsorption consists of
a porous medium with a high internal surface area [27]. It is a common practice in the literature to
describe these solid media by the parameters shown in Figure 1.
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Figure 1. Common parameters for describing adsorption systems in the literature.
2.1. Characterization

To gain a microscopic insight into how adsorption of PW contaminant occurs, characterizing the
adsorbent system is often necessary. A solid with a good adsorption capacity should exhibit explicit
characteristics that are related to the adsorbent’s surface area and internal network of pores [27].
According to IUPAC, an adsorbent can satisfy these characteristics by having a pore size between 2 nm
to 50 nm [28].

2.2. Kinetics

Through the PW related literature, various studies have reported the kinetics of the adsorption
system through conducting time interval experiments. These experiments are based on withdrawing
a sample at specified time intervals and measuring the concentration [29]. The obtained data are
used to build a profile and fit a suitable kinetics model that can describe the adsorption system.
Based on the model, the adsorption mechanism can be identified [30]. From the many different
kinetics models, the most common models in PW adsorption were observed to be: pseudo-first order,
pseudo-second order, intraparticle diffusion model [31]. In terms of the pseudo-first order, if this
model is confirmed by the experimental data, adsorption is taking place through physical forces [32].
With regards to pseudo-second order, using this model to fit the experimental data well, declares
that adsorption mechanism is occurring through chemical means [33]. To further explore the
chemical means, Elovich model is suggested as a kinetic model in the PW literature. This model
accounts for predicting the mass and surface diffusion along activation energies [34]. Proportionate
to the pseudo orders and Elovich model, the intraparticle diffusion model is a kinetics model with
multiple mentions in the literature. This model is an indication that the intraparticle diffusion is the rate
limiting step for adsorption. This is with the experimental data fitting the model and passing through
the origin [35,36]. Table 3 contains a summary of these models with their mathematical expressions.

It is worth noting that most adsorption studies related to PW in this work reported kinetics being
very well described by pseudo-second order model as illustrated in the following references: [37-39].
To state this decisively, studies compared the fit of pseudo-first/second order, Elovich or intraparticle
diffusion models when applicable as shown in these examples: [40—43].

Table 3. Common kinetics models in PW.

Model Name Equation Mechanism

Pseudo—first order % = k1(qe — q¢) [44] Physical adsorption

Pseudo—second order % = ko(ge — g+)? [45] Chemisorption
Elovich % = Dcexpfﬁqf [34] Chemisorption

Intraparticle diffusion qt = kit% [36,46] Intramolecular diffusion
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Where g is the equilibrium adsorbate adsorbed in (mg/g), g; is the amount of adsorbate at time
t and k is the equilibrium rate constant of the model. « in the Elovich model is the initial rate of
adsorbent and f is the relationship to surface coverage extent and chemisorption activation energy.

2.3. Isotherms

The most frequent assessment observed in the investigations of adsorption system:s is fitting the
adsorption equilibrium data in terms of isotherm models. The equilibrium relationship between
the adsorbent and the adsorbate are explained in the literature through various expressions.
These equilibrium expressions are referred to as isotherms and they quantify the amount of solute
adsorbed at a constant temperature [47,48]. To select a model that describes an adsorption system,
experimental data are used to produce isotherm profiles. The isotherm model with the best fit is chosen
as an equilibrium representation of the adsorption system [49]. The most commonly used isotherm
models in the PW literature are Langmuir [50], Freundlich [51], Sips [52], Dubinin—Radushkevich [53]
and Temkin [54] isotherms. Table 4 contains the mathematical expressions of these isotherm models.

Several studies discussed in this work either reported Langmuir [55] or Freundlich [56] isotherms
to best fit their data, where some reported Temkin [57] or Dubinin—-Radushkevich [58].

2.3.1. Langmuir Isotherm

As Langmuir isotherm is the most frequently used model in PW studies; it is one of the
oldest empirical models that describe adsorption isotherms [47]. The formulation is based on four
assumptions that are: (i) monolayer adsorption, (ii) adsorption occurs only at finite number of sites,
(iii) all adsorption sites are equivalent and (iv) adsorbed solutes do not interact with each other [50,59].

2.3.2. Freundlich Isotherm

In addition to Langmuir isotherm, presented frequently in the PW literature is the Freundlich
isotherm. The Fruendlich isotherm is the oldest known model that considers the non-ideality
and reversibility of adsorption [60]. When this model is linearized, the slope of the expression is
an indication of the adsorption intensity. The closer the slope of the model is to zero, the more
heterogeneous is the surface of the adsorbent [61]. The assumptions for this model consist of
(i) multilayer adsorption, (ii) non-uniform distribution of adsorption heat and affinity and (iii)
heterogeneous surface [51,60].

2.3.3. Sips Isotherm

With a frequent presence in the PW adsorption literature, the Sips model is an isotherm that
combines the Langmuir and Freundlich models. These two models come into presence depending
on the adsorbate concentration. At high adsorbate concentrations, the model predicts monolayer
adsorption (Langmuir isotherm), where at low adsorbate concentrations, the model follows the
Freundlich isotherm [52,62].

2.3.4. Dubinin—-Radushkevich Isotherm

Using Gaussian energy distribution on heterogenous surfaces, the Dubinin-Radushevic isotherm
is used to describe many PW adsorption systems in the literature. The adsorbent in this model
follows a pore filling mechanism and it assumes the following: (i) multi-layer adsorption using
Van Der Waal’s forces, (ii) physical adsorption is taking place and (iii) microporous adsorbent [53,63].

2.3.5. Temkin Isotherm

Frequently referred to in the PW literature is the Temkin equilibrium model. This model is based
on the assumption that (i) all interacting dipoles at the surface are the same and (ii) adsorbate-adsorbate
interaction exist at the surface such that a dipole interacts with a homogeneous electric field [54,59].
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Table 4. Common isotherm models in PW.

Isotherm Name Equation Parameters

ge(mg/g) is the amount of solute adsorbed,
Qo(mg/g) is the maximum monolayer on the

Langmuir Je = %ZEL adsorbent, b(L/mg) is the Langmuir isotherm
constant and C.(mg/L) is the equilibrium
concentration [50,59]

. 1 Kp(mg/g)(L/g)" is the Freundlich constant and 1

Freundlich qe = KpC the heterogeneity factor [51,60]
5 Ks(Lg™!') is Sips isotherm constant, B is Sips
Sips Ge = % isotherm exponent and a5(Lg™") is Sips isotherm

—asCe "

model constant [52,62]

B(mol?/kJ?) is the Dubinin-Radushlkevich
Dubinin—-Radushkevick Ge = qmgxp_ﬁ'[RTl”(Hc%)]z constant, R is the gas constant and T is the absolute
temperature [53,63]

R is the universal gas constant, T is the
absolute temperature, br(Jg/molmg) is the Temkin
isotherm constant and Ap(L/mg) is the Temkin
isotherm equilibrium binding constant [54,59]

Temkin ge = $-In(ArCe)

3. Produced Water Adsorbents

Different types of adsorbent materials have been used for the treatment of PW. These materials are
often considered as natural (natural adsorbents) or synthetic (non-natural adsorbents) adsorbents [64].
The most common adsorbents that have been used for the treatment of contaminated water, especially
produced water, are described in the following sections. Adsorbents derived from the Earth’s crust
and biological sources were categorized under the natural adsorbent sections. On the other hand,
non-natural adsorbents included adsorbents synthesized in the lab or obtained by buying them from
commercial entities. Figure 2 shows an overview of the different categories of adsorbents defined
in this paper. It is important to note that biological adsorbents in this paper are those found from
agricultural practices (trees and their derivatives) and the food chain waste. Tables 5 and 6 show a
summary of the results reported for each discussed study in the sections below.

Adsorbent
Categories —
PW

Natural Non-Natural
Adsorbents Adsorbents

Bio — Lab .
Earth Crust Adsorbents St Commercial

Figure 2. Classification of adsorbents.
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3.1. Natural Adsorbents

Adsorbents obtained through natural means were explored by a number of studies for the treatment
of PW. Most of these studies reported better economics when compared to commercial adsorbents,
making them more favorable. As mentioned earlier, natural adsorbents discussed in this section
were materials either obtained from the Earth’s crust or biological sources; agriculture (trees and their
derivatives) or food wastes.

Earth Crust Adsorbents

Several researchers have studied the effectiveness of adsorbents that originated from the Earth’s
crust and mantle for PW treatment. Goethite (xFeO(OH)), which is a naturally occurring compound
present in the Earth’s crust [65], was tested by Wainipee et al. for the removal of arsenate (As) in
water with and without oil coating. The oil coating on the goethite was reported to not affect the
kinetics of adsorption, while it halved the adsorption capacity. The study also mentioned that the
surface area of goethite was the controlling variable in the adsorption process [37]. Similar to geothite,
graphite is found in the Earth’s mantle [66]. Exfoliated graphite from natural graphite was investigated
by Takeuchi et al. as an adsorbent to remove oil in oil-water emulsions, where it is reported to have
a good potential for PW treatment [67]. Graphene, which is a single layer of graphite [68], was also
studied by Saleh et al. for the removal of antimony (III) metal from water. The graphene in this study
was reported to adsorb the metal with high regeneration efficiency [69].

Like goethite, clay minerals (e.g., sepiolite, attapulgite [70], bentonite [71] and organoclay [72]) are
also found on the Earth’s crust [73]. These minerals were investigated by group of researchers
for the adsorption of PW contaminants. Zheng et al. used sepiolite in their research for the
removal of oil from water. The sepiolite adsorbent was modified in this study by two types of
surfactants: (i) stearyl trimethyl ammonium bromide and (ii) dimethyl diotadecyl ammonium bromide.
These surfactant modified adsorbents were reported to have high adsorption efficiency and follow
a physical endothermic adsorption path [74]. Attapulgite was used by Sueyoshi et al. for the oil
adsorption from PW. The study used petroluem sludge modification; however, the reported capacity
was lower than commercial activated carbon [75]. The natural existence of benotnite was also examined
by Okiel et al. for the adsorption of oil from emulsified water. The research showed independence of
initial oil concentration from the adsorption process [76]. Emam et al. further investigated bentonite
with organoclay modification for the adsorption of oil. Their results showed that the modification
enhanced the adsorption efficiency and performed better than commercial activated carbon [77].
With clay minerals being part of natural dolomite formation [78], this sedimentary carbonate rock
on the Earth’s surface [79] was studied for heavy metals removal. As mentioned earlier, barium is
a potential contaminant that is possible to exist in PW. Ghaemi et al. utilized dolomite powder for
the removal of barium and strontium from aqueous solutions. This removal was reported to occur
through exothermic adsorption with high dependance on the system’s pH. The study also reported
that dolomite is a potential inexpensive adsorbent for barium and strontium removal [80].

Clay adsorbents were also studied as a pre-treatment steps to various processes. These processes
included membranes, direct air floatation (DAF) and co-agulation. The utilization of bentonite was
further proved useful by Shahruddin et al., in which they used the adsorbent as a pre-treatment step
to membranes. The presence of bentonite as a pre-step was reported to strengthen the structure of the
membrane and enhanced its oil removal capacity [81]. Organoclay was also studied by Younker et al.
as a pre-step to DAF. The targeted contaminants in this step were reported to vary between oil,
naphthalene and phenol. The study compared adsorption-DAF to adsorption-coagulation integration,
where the adsorption-DAF system was shown to have more significant removal [82]. Younker et al.
also reported that organoclay has better affinity towards napthalene and phenol in saline water [83].
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3.2. Bio-Adsorbents

In addition to earth-based adsorbents, Bio-adsorbents from biological sources were of interest
to various researchers for the treatment of different types of industrial wastewater. The adsorbents
were observed in the literature to be sourced from either agricultural practices or the food chain
waste. From agricultural practices, Elsherif et al. [84] and Kunjirama et al. [43] groups investigated
the usage of plant branches for the adsorption of heavy metals. As described earlier, heavy metals
are potential contaminants of PW depending on the location its produced at. Elsherif et al. used
olive branches as a source for obtaining activated carbon for the adsorption of lead, zinc, copper and
cadmium from water. The study reported that pH was the most influential element on the olive branch
adsorbent [43]. In terms of branches, also oil palm branches were examined by Kunjirama et al. for the
adsorption of mercury and methyl mercury in water. The branches in the study were modified with
an amine-containing ligand that enhanced the adsorption process. The study reported that oil palm
branch-based adsorbent was stable for a number of regeneration cycles [43].

Agricultural adsorbents were also extended in recent studies from plant and branches to
plant derivatives—fruits and their products. Araujo et al. used loberia fruit for the removal of lead from
water. In their study, factorial design was used to reduce the number of experiments and they reported
high adsorption efficiency for the fruit adsorbent [85]. Sueyoshi et al. also investigated date palm
(fruit) for the adsorption of oil by preparing the adsorbent at 700 °C and 800 °C. The obtained activated
carbons at these temperatures were reported to have higher adsorption capacity than the commercial
adsorbent. This higher efficiency was concluded in the study as a significant economic factor in
comparison to commercial adsorbents, as the date palms were locally sourced [75]. Activated date-pit
was also studied by El-Naas et al. for the treatment of refinery PW. The results in this study were
reported in terms of chemical oxidation demand (COD), which is a method of describing the amount of
organics in water [86]. The COD in the study showed that at low concentrations, adsorption was mass
transfer dominant, where at higher COD it was intrinsically kinetic-dominant. The study also added
the benefits of utilizing this date-pit adsorbent as it poses a promising disposal method for the date
palm industry [41]. Similarly, El-Naas et al. utilized the activated date-pit for the removal of phenols
from petroleum wastewater. The results for the phenol containing wastewater were reported for both
synthetic and actual refinery PW, where the potentials of this adsorbent were further shown [87].
The date derivative; date seeds were also studied by Al Haddabi et al. for the removal of dissolved
organic carbon (DOC) in PW. The date seeds were shown to adsorb more DOC with the increase of:
(i) DOC initial concentration, (ii) contact time and (iii) date seed dosage. These seed adsorbents were
recommended by the study as inexpensive adsorbents for PW treatment [55].

In addition to fruits, fruit peels (part of agricultural products), were observed to be part of
the PW literature. El Nafaty et al. used banana peel as an adsorption medium for oil removal
from PW. The peel adsorbent was reported to have its efficiency proportional to the system’s alkalinity
and temperature. The temperature effect was mentioned to occur until 60 °C [88]. Ibrahim et al. also
tested pomegranate peel for the removal of oil from PW. The results showed effectiveness of the peel
adsorbent by removing the oil at low costs. This peel also exhibited good output with regeneration,
as it remained stable throughout the process [89]. Along these peels, pineapple Peel biochars were
investigated by Shakya et al. for the adsorption of chromium from water. The pineapple peel biochars
in the study were prepared at temperatures ranging between 350 °C and 650 °C. Out of this range,
biochar at 350 °C showed the highest adsorption of chromium. This was reasoned by the polar
functional groups on the biochar surface that decreased with the temperature increase [90].

Along plants and fruits, wooden residue from the agriculture was consistently investigated.
Rice husks were studied by Song et al. [91] and Shen et al. [92] for the adsorption of metals
from water. Song et al. modified the rice husks for the removal of mercury from water with:
(i) sulfur and organosilane functionalization or (ii) sodium hydroxide (NaOH) treatment. From the
adsorption studies, it was reported that functionalized rice husks showed better adsorption capacity
and stability with the regeneration cycles. The study concluded with the benefits of using these
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adsorbents due to their abundant availability and low cost [91]. Shen et al. also used rice husk to obtain
biochars for the adsorption of nickel from PW. The biochars were produced at 550 °C and 700 °C,
where 700 °C biochars reported better adsorption. Similarly, wheat straw biochars were used in the
study and showed superior performance to rice husk biochars for nickel removal [92]. The utilization
of rice husks was also investigated for petroleum spills remediation by Kenes et al. The study reported
the effectiveness of the rice husk adsorbent and reported its structure to be like that of amorphous
SiO; [93]. In terms of organic matter, biochar wheat straw was of interest to Shi et al. for the adsorption
of dissolved organic matter from PW. The wheat straw biochar in the study was modified with chitosan
at 700 °C, in which it increased the adsorption capacity. This capacity increase was reasoned by the
increased micropores caused by the addition of chitosan. The study recommended this chitosan
modified adsorbent as a cheap adsorbent for dissolved organic matter removal [94].

With cadmium being a potential contaminant in PW, a number of researchers used wooden
residue for cadmium metal removal from water. Li et al. used rape straw to produce a biochar with
modification for cadmium removal. The modification for testing was either with: (i) alkaline treatment
with NaOH, (ii) MnOy4 impregnation or (iii) magentic treatment with FeClz. Out of these modifications,
the MnOy impregnation showed superior results in terms of adsorption. This was reasoned by the
increased micropore size, increased surface area and modified pore structure [95]. Cadmium removal
from water was also investigated using corn straw by Chi et al. The corn straw was used to obtain
biochar at 400 °C, where it showed a good affinity towards the cadmium metal. It is worth mentioning
that the study also reported the same for lead [96]. Another study by Peng at al. considered sawdust
biochar for the adsorption of cadmium. The sawdust was modified with phosphoric acid, in which it
reported an increase in capacity. Similar results were also reported for copper [97].

For hydrocarbon removal from PW, a number of investigations varied the pore sizes of wooden
adsorbents in their studies. Different pore sizes were examined in a study by Iranmanesh et al. using
sawdust for the removal of naphthenic acid. The sawdust in the study was used as a source for
activated carbon preparation at different pore sizes. The pore size variation was based on physical or
chemical activation, where the chemical activation showed better adsorption. This was reasoned by the
greater surface area of the adsorbent [98]. Behnood et al. investigated sugarcane at different mesh sizes
for the removal of oil from PW. This study reported improved oil adsorption when particle size was
decreased. Like Iranmanesh et al., this was attributed by the increased surface area and homogeneity
of the particles with size [99]. Likewise, this pattern was reported with organic compounds removal
from water using Wood biochar. Caprariis et al. prepared biochars in a study in three variations:
(i) at 550 °C, (ii) at 750 °C and (iii) with NaOH and 750 °C. From these preparations, the biochar at high
temperature showed higher adsorption. This was reasoned by the increased surface area, which was
further enhanced by the NaOH treatment [56].

As plants, fruits and wood residue are part of the food chain, food wastes were examined
in recent PW studies. Chitosan as a food residue derived from shrimp shells [100] was used by
Grem et al. to produce polymeric resins. These resins were used for the removal of oil from PW in
a column study. The reported results in the study stated that higher adsorption were obtained at
lower flow rates [101]. Hosny et al. also used chitosan with a coagulant and reported an enhanced
adsorption for oil removal with the chitosan addition. This enhancement was mentioned to lower
the economic costs of PW treatment [102]. The removal of oil was also studied by Misau et al.
using raw eggshells that completely removed oil. The study in return concluded that it is a cheaper
method to utilize raw material for the treatment of PW [103]. Pecan shell activated carbon was
examined by Kaveeshwar et al. to adsorb iron(Il) from fracking water. The iron adsorbate was reported
to be removed at high levels and adsorption increased with temperature increase from 30 °C to
70 °C [57]. Being part of PW contaminants, heavy metals adsorption from water were investigated by
Algadami et al. using camel bones nanocomposite. The metals considered in the study for adsorption
were lead, cadmium and cobalt in water. This adsorption system was reported to be a novel approach
for heavy metals removal as it presented effective adsorption [104].
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3.3. Non-Natural Adsorbents

As described earlier, the literature contains a number of studies that investigates non-natural
adsorbents for PW treatment. The below studies that are based on adsorbents synthesized in the lab or
obtained commercially.

3.3.1. Lab Synthesized Adsorbents

Lab synthesized adsorbents in this paper were defined as emerging adsorbents that were obtained
through a series of lab experiments for the purpose of treating PW. A group of studies were observed
recently to use industrial wastes for PW treatment. El-Sayed et al. studied the usage of deposited carbon
(waste) from a diesel engine for the removal of oil. These deposits were shown to have an independence
from initial oil concentration. Furthermore, the adsorbed oil increased with the increase of carbon
deposit dosage. The study concluded that carbon deposits are cheaper alternatives to activated carbon
for oil removal [76]. In addition to oil, Yuan et al. used porous carbons (waste) activated with potassium
hydroxide for the adsorption of a mixture of polycyclic aromatic hydrocarbons (PAHs). The source
of the porous carbon in the study was from petroleum coke obtained during bitumen upgrading
process. This porous medium was studied against five PAHs, which were: naphthalene fluorene,
phenanthrene, pyrene and fluoranthene in water. For these PAHs, it was reported that competitive
adsorption was improbable, where the adsorption capacity followed this order: naphthalene —
fluorene — phenanthrene — pyrene. The investigation revealed that these PAHs were controlled
by a two-stage diffusive transport with the first stage being faster than the second [105]. Potassium
hydroxide porous carbon was also studied by Asenjo et al. for the removal of benzene and toluene from
wastewater. This carbon was derived from carbon-tar and it was reported to contain a microporous
and mesoporous pore structure. This combination of pore structures in the carbon adsorbent was
reported to be behind the exhibited high kinetics. These kinetics were emphasized to be outstanding
in comparison to porous material in the literature, due to adsorption occurring in its mesopores [106].
Sewage sludge was also used by Bjorklund et al. to produce activated carbon and target hydrophobic
organic carbon. The results shown in the study by the sewage sludge activated carbon were comparable
to the commercial one in terms of capacity. Based on this, the study stated that this adsorption capacity
is a cost-effective usage of waste products [107]. Humic acid removal from PW was studied by An et al.
using coal fly-ash as an adsorbent. The study examined the modification of coal fly-ash with acid using
a microwave-assisted method and pH effect. The results showed that the modification enhanced the
adsorption capacity and fly-ash is dependent on the pH of the system [108]. In addition to hydrocarbon
contaminants, heavy metals were examined by Jung et al. using mill stone powder. The study used the
stone powder for the removal of lead and arsenic. This investigation also modified the stone powder
with a chitosan coating to study the effect on the adsorption capacity with these metals. The outcome
of this study showed that adsorption successfully occurred, where the chitosan coating increased the
adsorption capacity with lead and decreased it with arsenic [109].

In addition to using wastes as potential adsorbents, novel lab synthesized adsorbents were also
studied by group of researchers for PW treatment. Abdel-Shafy et al. synthesized a novel resin
using gamma rays for the removal of oil. The resin was prepared by mixing phenyl epoxy, poly vinyl
pyrrolidone and Fe304 together. The adsorption process in the study was followed by a microfilteration
step which was reported to accomplish complete removal of oil [110]. Ordered mesoporous
carbon was utilized by Konggidinata et al. to remove benzene, toluene, ethylbenzene and xylenes
(BTEX) from water. The experimental data showed that ordered mesoporous carbon has great
affinity towards the adsorbates by this order: xylenes — ethylbenzene — toluene — benzene.
Moreover, the thermodynamic study for these adsorbates reported that adsorption was endothermic,
physical and spontaneous [111]. The removal of lithium metal was studied by Jang et al. using titanium
based adsorbent. Lithium in the study was reported to show high selectivity with the tested adsorbent
when a pH buffer was used [112].
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Nanotechnology based adsorbents were also observed to be greatly part of lab synthesized
adsorbents in PW. The various revelations seen since the introduction of nanotechnology are
countless [113] as their wide usage is mainly based on their particle size of approximately 100 nm [114].
In recent PW adsorption research, nanoparticles were investigated using various materials for
oil removal. Cortes et al. used silica based nanoparticles for the removal of oil from PW.
These nanoparticles were modified with petroleum vacuum residue, where they were studied in saline
and fresh water. The study reported that all the studied adsorbents (with and without modification)
showed complete oil removal, but at different time durations. The time variations were reported to be
related to the type of water and functionalization, where saline and functionalized systems exhibited
shorter time [42]. Alumina nanoparticles were also investigated by Franco and Cortes et al. for the
removal of oil from PW. The study was conducted in a similar manner to silica, where petroleum
vacuum residue was used and it reported the same behaviour. However, the statement of this study
was that alumina nanoparticles have greater affinity towards oil. This was reasoned by the polarity
of silica nanoparticles [38]. Fard et al. used lab synthesized carbon nanotubes for the removal of
oil by iron oxide functionlization [39] and also compared it with commercial carbon nanotube in
another study [115]. The iron oxide modification study reported higher oil removal than unmodified
carbon nanotubes [39], where the lab synthesized carbon nanotubes showed superior capacity to
commercial ones [115]. Masooleh et al. investigated the usage of modified nanoparticles originating
from organoclay (nanoclay) for the removal of petroleum hydrocarbons in water. The nanoclay in this
study was modified through exchanging sodium ions by hexadecyltrimethylammoinium bromide in
montmorillonite structure. This nanoclay was tested against hydrocarbons ranging from crude oil,
kerosene, gasoline and toluene that stimulated oily wastewater. The study showed that the modified
nanoclay exhibited nearly higher adsorption capacity than the unmodified one [116].

Similar to other studies, lab synthesized nanoparticles were also examined for the removal of
heavy metals as they are potential PW contaminants. Fard et al. examined the usage of MXene
nanosheet by obtaining it from titanium(Ill) carbide (II) for the adsorption of barium from PW.
These nanosheets were reported to show superior adsorption capacities to other commercial adsorbents.
In addition to this, great affinity towards barium in a multi-metal solution was also reported by
the Mxene nanosheets [117]. Cupric oxide nanoparticles were also researched with heavy metals
by Reddy et al. for the removal of As from water. These nanoparticles were shown to be more
effective in adsorption after desorption. This was reasoned by the surface area renewal for reaction
after nanoparticle’s regenration. Using cupric oxide for water treatment was stated by the study
to potentially require a simple process [118]. Yen et al. investigated heavy metals removal using
dendrimer modified magnetic nanoparticles. The heavy metals considered in this study were
palladium, gold and silver. The affinity and stability of the dendrimer was shown in the study by the
adsorption and regeneration results. However, it was reported that further dendrimer modification
with acid did not enhance this adsorption [119].

3.3.2. Commercial Adsorbents

Non-natural adsorbents such as the commercially available ones were also investigated for the
treatment of PW. Belbase et al. [120] and Ma et al. [121] used zeolite as an adsorbent for the removal of
sodium cation (Na™) and toluene respectively. For the Na™ study, PW from coalbed natural showed
that Na™ adsorption was dependent on the zeolite size. This dependence was reported to be inversely
proportional, as adsorption occured more in smaller sized particles. The adsorption was also examined
in a field site to evaluate the usefulness of zeolites. This test reported that treated PW lowered the
damage caused to the soil by Na™ ions [120] . In the toluene study, the investigation was conducted
in a column and batch experiments. The study reported that column experiments showed higher
adsorption capacity with zeolite being stable throughout desorption. It is worth mentioning that
the zeolite in Ma et al. study was coated with diphenyldichlorosilane [121]. Modified mesoporous
organosilica commercial adsorbent was studied by Moura et al. for the removal of aromatic compounds,



Processes 2020, 8, 1657 11 of 22

namely benzene, toluene, o-xylene and p-xylene (BTX). The BTX were reported to be adsorbed by
Van der Waals forces onto the surface of organosilica material. Furthermore, characterization of the
organosilica indicated that it consisted of a hexagonal structure of mesopores. These pores were
reported to be operable at temperatures as high as 340 °C [40]. Albatrni et al. investigated four
different commercial synthetic resins for the adsorption of oil in PW. The resins in the study were:
(i) Optipore L493, (ii) Amberlite IRA 958, (iii) Amberlite XAD 7 and (iv) Lewatit AF 5. These commercial
resisns were shown to be independent of pH and have a great affinity towards oil. Out of the
four adsorbents, Amberlite XAD 7 was reported to have the fastest kinetics, where Lewatit AF 5
showed highest adsorption capacity [58].

Commercial activated carbon was mentioned variously in a number of studies related to PW.
Most of these investigations used activated carbon as an adsorption capacity benchmark. In terms of
clay studies, commercial activated carbon was compared to attapulgite, organoclay and bentonite.
The outcome of the comparison with attapulgite reported that activated carbon had a higher surface
area that resulted in a greater adsorption capacity for oil [75]. With organoclay, the adsorption of
naphthalene and phenols were also reported to be superior in activated carbon [82]. On the other hand,
with bentonite, activated carbon showed lower capacity for oil, making bentonite more favorable [77].
A different study compared commercial activated carbon with sawdust based activated carbons.
These sawdust based activated carbons were reported to have a better capacity for naphthenic acid
removal [98]. Biochar performance was also compared to activated carbon and showed 2.5 greater
adsorption capacity for organic compounds removal [56]. On the other hand, a study examined the
effectiveness of commercial activated carbon for the removal of hydrocarbons and polyethylene glycols
from hydraulic fracturing PW. The results showed high adsorption capacities that were enhanced
by adding a coagulant [122]. In a column study, El-Naas et al. studied the adsorption of phenols
using activated carbon. The activated carbon packed bed in this study was reported to be highly
dependent on: (i) feed concentration, (ii) flow rate and (iii) amount of packing. Additionally, the study
also showcased a simple empirical formula to model the system and was reported to be based on
the Langmuir affinity parameter [123]. El-Naas et al also reported that this adsorbent is a potential
inexpensive alternative to commercial activated carbon [41,87].
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Table 5. Natural adsorbents discussed in this review.

Material Target Adsorption Capacity Reference
Attapulgite oil 155 mg-oil/g-adsorbent [75]
Attapulgite with petroleum sludge oil 405 mg-oil /g-adsorbent [75]
Date palm (700 °C) oil 1330 mg-oil/g-adsorbent [75]
Date palm (800 °C) oil 1425 mg-oil / g-adsorbent [75]
Organoclay oil 100 mg oil/L to 15 mg/L [82]
Organoclay naphthalene 1 mg napthalene/L to 0.11 mg naphthalene/L [82]
Organoclay phenol none [82]
Organoclay oil 100 mg o0il /L to 7 mg/L [82]
Organoclay naphthalene 1 mg napthalene/L to 0.11 mg naphthalene/L [82]
Sugarcane oil 6.6 g oil/g adsorbent [99]
Chitosan Microspheres oil >90% removal [101]
Chitosan oil 96.35% removal [102]
Chitosan oil 99% removal [102]
Chitosan oil 85% removal [102]
Chitosan Dissolved Organic Matter 52% removal [94]
Wheat Straw Dissolved Organic Matter 12% removal [94]
zeolite Toluene 16.58 mg-toluene/g-adsorbent [121]
Bentonite oil 96.5% removal [76]
Bentonite oil 38.5 mg-hydrocarbon/g adsorbent [77]
org-bentonite oil 48 mg-hydrocarbon/g adsorbent [77]
Commercial Organoclay Napthalene in freshwater 1376 L/g [83]
Organoclay Napthalene in freshwater 1642L/g [83]
Commercial Organoclay Napthalene in saline water 461L/g [83]
Organoclay Napthalene in saline water 14.17L/g [83]
Commercial Organoclay Napthalene in oil water 28L/g [83]
Organoclay Napthalene in oil water 29.39L/g [83]
Commercial Organoclay Phenol in freshwater 0.08L/g [83]
Organoclay Phenol in freshwater 101L/g [83]
Commercial Organoclay Phenol in saline water 0.09L/g [83]
Organoclay Phenol in saline water 225L/¢g [83]
Commercial Organoclay Phenol in oil water 01L/g [83]
Organoclay Phenol in oil water 174L/g [83]
Rice Husks Nickel 98% removal [92]
Sepiolite oil 1013.5 mg-oil / g-adsorbent (>99% removal) [74]
Sepiolite oil 958 mg-oil / g-adsorbent (>99% removal) [74]
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Table 5. Cont.

Material Target Adsorption Capacity Reference
Wood Biochar organic compounds (from bio process) 141.2 mg-organic compounds/g-adsorbent [56]
Wood Biochar organic compounds (from bio process) 175.4mg-organic compounds/g-adsorbent [56]
Wood Biochar organic compounds (from bio process) 848.6 mg-organic compounds/g-adsorbent [56]
Banana Peel oil 100% removal [88]
Pomegranate Peel oil >92% removal [89]
Date Seeds Dissolved Organic Carbon 82% removal [55]
Eggshells oil 100% removal [103]
Sulfur Functionalized Rice Husk mercury 89 mg- Hg(Il) / g-adsorbent [91]
OrganoSilane Functionalized Rice Husk mercury 118 mg-Hg(Il)/ g-adsorbent [91]
Wheat Straw Nickel 98% removal [92]
Sawdust Copper 27L/g [97]
Sawdust Cadmium 471L/g [97]
Olive Branches Lead 41.32 mg-lead/g-adsorbent [84]
Olive Branches Zinc 34.97 mg-zinc/g-adsorbent [84]
Olive Branches Copper 43.10 mg-copper/g-adsorbent [84]
Olive Branches Cadmium 38.17 mg-cadmium/g-adsorbent [84]
Pineapple Peel chromium 99.19% removal [90]
Pineapple Peel chromium 82.63% removal [90]
Pineapple Peel chromium 58.22%removal [90]
Pineapple Peel chromium 40.78% removal [90]
Corn Straw Cadmium 38.91 mg-cadmium/g-adsorbent (99.24% removal) [96]
Corn Straw Lead 28.99 mg-cadmium/g-adsorbent (98.62% removal) [96]
Loberia Fruit Lead 51.02 mg-lead /g-adsorbent [85]
Oil Palm Branches Methyl-mercury 0.14 mmol-methylmercury/g-adsorbent [43]
Oil Palm Branches mercury 0.773 mmol-mercury/g-adsorbent [43]
Oil Palm Branches Methyl-mercury 0.09 mmol-methylmercury/g-adsorbent [43]
Goethite As 97 umol/g [37]
Camel Bones Nanocomposite Lead 344.8 mg-lead/g-adsobent [104]
Camel Bones Nanocomposite Cadmium 322.6 mg-cadmium/g-adsorbent [104]
Camel Bones Nanocomposite Cobalt 294.1 mg-cobalt/g-adsorbent [104]
Rape Straw Cadmium 72.369 mg-Cadmium/g-adsorbent [95]
Rape Straw Cadmium 81.1 mg-Cadmium/g-adsorbent [95]
Rape Straw Cadmium 67.36 mg-Cadmium/g-adsorbent [95]
Rape Straw Cadmium 32.74 mg-Cadmium/g-adsorbent [95]
Graphene Antimony 158.2 mg-antimony / g-adsorbent [69]
Oil Palm Branches mercury 0.226 mmol-mercury/g-adsorbent [43]
Pecan Shell Iron (II) 41.66 mg-iron/g-adsorbent [57]
Sawdust Naphthenic Acid 83% removal [98]
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Table 6. Non-Natural adsorbents discussed in this review.

Material Target Adsorption Capacity Reference
Commcercial Activated Carbon oil 730 mg-oil/ g-adsorbent [75]
Exfoliated Graphite oil from 100 mg-oil/L to 0.1 mg-oil/L [67]
Activated Carbon Polyethylene glycols 99.60% [122]
Activated Carbon total petroleum hydrocarbons 92% removal [122]
Activated Carbon total petroleum hydrocarbons 99% removal [122]
phenyl epoxy/poly (vinyl pyrrolidone)/FezO4 Oil 99.9% removal [110]
Functionalized Silica Nanoparticles (4% VR) oil saltwater 100% removal [42]
Functionalized Silica Nanoparticles (2% VR) oil saltwater 100% removal [42]
Silica Nanoparticles oil saltwater 93% removal [42]
Functionalized Silica Nanoparticles (2% VR) oil freshwater 100% removal [42]
Functionalized Silica Nanoparticles (4% VR) oil freshwater 100% removal [42]
Alumina Nanoparticles oil saltwater 185.76 mg-oil /g adsorbent [38]
Functionalized Alumina Nanoparticles (4% VR) oil saltwater 188.64 mg-oil/g-adsorbent [38]
Functionalized Alumina Nanoparticles (2% VR) oil saltwater 193.77 mg-oil/ g-adsorbent [38]
Lewatit AF 5 oil >98% removal [58]
Deposited Carbon oil 97.5% removal [76]
Powder Activted Carbon oil 82.6% removal [76]
Activated Carbon oil 30 mg-hydrocarbon/g adsorbent [77]
Acidic Modified Activated Carbon oil 40 mg-hydrocarbon/g adsorbent [77]
Carbon Nanotubes oil 87% removal [39]
Carbon Nanotubes oil 98.52% removal [39]
Carbon Nanotubes oil 87% removal [115]
Produced-Carbon Nanotubes oil 97% removal [115]
Amberlite XAD 7 oil >98% removal [58]
optipore L493, oil >98% removal [58]
Silica Nanoparticles oil freshwater 93% removal [42]
Sewage Sludge hydrophobic organic compounds (HOC) 2800 mico gram-HOC/g-adsorbent [107]
Ordered Mesoporous Carbon Benzene 5.1 mg-benzene/g-adsorbent [111]
Ordered Mesoporous Carbon Toluene 18.2 mg-benzene/g-adsorbent [111]
Ordered Mesoporous Carbon Ethylbenzene 31.7 mg-benzene/g-adsorbent [111]
Ordered Mesoporous Carbon xylene 46 mg-benzene/g-adsorbent [111]
Activated carbon organic compounds (from bio process) 318 mg-organic compounds/g-adsorbent [56]
Organosilica Benzene 40% removal [40]
Organosilica o-xylene >60% removal [40]
Organosilica p-xylene >60% removal [40]
Organosilica Toluene >60% removal [40]
Amberlite IRA 958 oil <25% removal [58]
Titanium-based Adsorbent Lithium 92.7% removal [112]
CuO Nanoparticles Arsenic 99% removal [118]
Dendrimer Magnetic Nanoparticles Palladium 3.6 mg-Pd(IV)/g-adsorbent [119]
Dendrimer Magnetic Nanoparticles Gold 3.58 mg- gold/g-adsorbent [119]
Dendrimer Magnetic Nanoparticles Silver 2.84 mg-silver/g-adsorbent [119]
Coal Fly-Ash waste Sulfonated Humic Acid 92.83% removal [108]
MXene Nanosheets Barium 100% removal [117]
Zeolite Nat 21 Na™ g/kg zeolite (bicarbonate) 18 Na™ g/kg zeolite (chloride) [120]
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4. Summary and Future Perspective

The discharge of PW is undeniably foreseen to increase in the near future, hence there is a need
for an economic path of treatment. Introducing this path of treatment will incentivize treated PW in
the industry for reuse. To serve this purpose, this review gathers recent research on PW adsorption to
showcase the current level of studies performed. From the established studies, it can be concluded that
there has been a vast focus on natural adsorbents (Figure 3). This was reasoned by multiple studies to
be based on their inexpensive economic potential. However, to decisively make this conclusion, it is
recommended to explore each adsorbent in terms of essential factors related to their usage. Such factors
should encompass the adsorbent’s potential by reporting their availability, processing, environmental
and economical aspects in more details. Addressing these factors when evaluating an adsorbent
system will aid in establishing the adsorbent/contaminant fates. Knowing the fate of a treatment
system is of a great value, as it gives a better image about the adsorbent’s potential.

Distribution of Studies since 2010
80%
70%
60%
50%
40%
30%
20%
10%

% of Total Studies in this Review
(]
®

Hydrocarbons Heavy Metals Natural Non-Natural
Adsorbents Adsorbents

Figure 3. Distribution of recent adsorption studies, since 2010. The left hand side shows the portion of
adsorbent studies that targeted hydrocarbons or heavy metals, where the right hand side is the portion
of studies that utilized natural or non-natural adsorbents.

In addition to gaining an insight into the adsorbent’s potential, a consistent metric is needed for
describing the performance of an adsorbent system. As most discussed adsorbent systems in this work
showed good adsorption attributes, a distinct comparison was difficult to achieve. This is due to the
inconsistency of data presentation in the studies covered. To resolve this issue, it is recommended to
develop a metric for how these adsorption data should be showcased. Moreover, up-to-date these
adsorbents stand to be constrained to lab-scale findings (batch experiments). The available adsorbent
literature for PW treatment needs to evolve to continuous experimentations and modeling stages.
In terms of continuous experiments limited work was observed in the literature, where for modeling
it is close to none. With regards to continuous studies, a number of researchers conducted column
studies using polymeric resins [101], zeolite [121] and commercial activated carbon [123]. The output
from these studies has shown how significant are the operational parameters of a column and how
they differ from batch work. Conducting more work in similar a manner alongside modeling and
design is expected to make the transition to pilot scale investigations smoother. This is as well as it
will aid in reporting findings related to large-scale column operations. Once all these research stages
are saturated—continuous, modeling and pilot scale—an implementation of these findings can be
made in operations taking place in the oil and gas industry. The transition towards these large-scale
operations is recommended to be mainly done while always considering three different aspects when
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conducting research, namely: (i) PW discharge regulatory level (ii) optimization, (iii) scale-up factors
and (iv) process maintenance. Successfully achieving these in the PW adsorption research will aid
researchers in better showcasing the potential of their adsorbents.

This review was aimed to mainly showcase hydrocarbon and heavy metal contaminants in
PW and that is to promote the transition towards scale up studies. In terms of studies distribution,
there is more focus on hydrocarbons than heavy metals. Furthermore, the investigations conducted
were mainly reporting the adsorbent isotherms and adsorption capacity. These investigations also
showed a trend of lacking kinetic studies. Moving forward, with a focus on contaminants’ uptake,
kinetic studies should be part of the reported parameters. These parameters add a value in adsorbent
system modeling and scale-up as kinetics play a role when devising a model. Furthermore, for a system
to be modelled properly, actual PW simulation is needed. This can be done by studying multiple PW
contaminants in a single system. This to ensure that the reported parameters will not differ greatly
as shown in El-Naas et al. [87] if actual PW is used. Ensuring this will better show the potential of
the proposed adsorbent as actual PW consist of multiple contaminants and changes in concentration
during operation. With regards to PW adsorbent source, -as stated earlier- it is difficult to make a
decisive comparison between the adsorbents as most studies report good adsorption according to their
own metrics. This by default makes the discussed three adsorbent types in this work comparable in
terms of adsorption performance. However, when considering the overall potential of these adsorbents,
natural adsorbents are the ones that stand out the most due to their economic advantage. With this,
we cautiously recommend natural adsorbents when considering PW treatment, as this type exhibits an
economic potential and introduces a pathway for waste management.
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