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Abstract

Oil-contaminated or oily wastewater (OW) is generated from various industrial and domestic
premises. It consists of fats, oils, and greases and may contain petroleum fractions such as
diesel oil, gasoline, and kerosene. It is regarded as one of the most hazardous wastewaters,
causing serious environmental and health threats to ecosystems and human beings. The
global increase in the discharge of OW coupled with stringent regulations for effluent
discharge and incessant drive for the reuse of treated wastewater necessitate the need for
the treatment of the OW. Conventional approaches employed in the past are inept for OW
treatment due to low separation efficiency, high operational cost, creating secondary
pollution, and long treatment hours. Comparatively, the adsorption process is considered a
better alternative because of its simple design and can involve low investment in terms of
both initial cost and land required. Thus, the adsorption process is widely applied as a
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promising alternative to existing treatment methods for OW. The adsorption process is an
effective technique for OW treatment. Super adsorbents with ultrahigh adsorption
capabilities are highly desired for efficient OW treatment in a new revolution of adsorption
technology to meet present and future needs. This review provides insights into advanced
and emerging state-of-the-art technologies of the adsorption process as a safe and efficient
treatment of OW. Strength, weakness, opportunities and threats (SWOT) analysis was
conducted to identify and analyze internal strengths and weaknesses and external
opportunities and threats that shape the current and future operation of the adsorption
process for the treatment of oily wastewater for developing strategic goals. Super adsorbents
with ultrahigh adsorption capability such as P-GSC and P-PKS discussed are highly desired. The
extraordinary properties of P-GSC and P-PKS can provide leap-forward opportunities to
revolutionize traditional adsorption technology. However, scale-bridging and optimization
study of these innovated super adsorbents is required for the real application. It shows a
bright future of P-GSC and P-PKS towards OW treatment.
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1. Introduction

The industrial sector's increasing population and rapid growth have become the root of increased
wastewater production. In Malaysia, it is estimated that the volume of wastewater generated by
municipal and industrial sectors is 2.97 billion m3 per year [1]. According to the United Nations
Educational, Scientific and Cultural Organization (UNESCO), 2.21 trillion m3? of wastewater is
released into the environment annually [2]. One of the major concerns in treating wastewater is oil-
contaminated wastewater discharged from various industrial and domestic premises [3]. The
petrochemical and metal processing industries generate a large volume of oily wastewater (OW) [4].
The volume of global OW generated by oil and gas industries was 7.95 billion m3 per year in 2009
[5]. Municipal sources such as kitchen waste, oil leakage from mechanical devices, and human
activities have potent resources for OW production [3].

OW consists various fats, oil, and greases [6]. It may also contain petroleum fractions such as
diesel oil, gasoline, and kerosene [7]. OW is carcinogenic and mutagenic to human health [4]. Toxic
compounds such as phenols, petroleum hydrocarbons, and polyaromatic hydrocarbons present in
OW are inhibitors for plant and animal growth [8]. Besides, OW that is discharged to the water
bodies without proper treatment would increase the biological oxygen demand (BOD) and chemical
oxygen demand (COD) of the water, generate an unpleasant odor, and reduce sunlight penetration
into the water thus disrupting the aquatic ecosystem [3]. Moreover, the viscous nature of oil and
grease in OW might cause blockage of drainage and sewer lines. Hence, it is important to treat OW
before release due to its harmful environmental effects.

Various treatment methods are available to remove the oil impurities in OW, such as
electrochemical treatment, membrane filtration, biological treatment, flotation, and chemical
coagulation [9]. Unfortunately, these technologies suffer several drawbacks, including low
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separation efficiency, high energy cost, long-term operation, and secondary pollution [10]. For
instance, aerobic digestion, flotation, and chemical coagulation results in large amount of bio-solids,
or sludge, which require disposal. Electrochemical oxidation has low efficiency and the anodes
service life is short due to a limited electro-active surface area and poor stability [11]. The
membrane is high-cost and slow in filtration speed [12]. The major disadvantage of floatation and
coagulation is the operational cost. Considerable quantities of coagulant and flocculant are needed
to achieve the required level of flocculation. The cost can escalate, particularly with a large volume
of wastewater.

Adsorption is considered a potential treatment method for OW [13]. Comparatively, the
adsorption process is considered a better alternative because of its simple design and can involve
low investment in terms of both initial cost and land required. Thus, the adsorption process is widely
used to treat industrial wastewater from organic and inorganic pollutants and meets the great
attention of researchers [14]. Adsorption involves the contact of the free aqueous phase with the
rigid solid phase (adsorbent) that can remove one or more adsorbates selectively. The adsorbent
selection is important for efficient adsorption in treating OW [15]. Hence, this review will focus on
adsorption processes for treating OW as an advanced alternative to other treatment methods. The
review starts by emphasizing the problem of oily wastewater. This includes the characteristics of
oil-contaminated wastewater and the sources of oil in wastewater. Subsequently, the category of
adsorbents was reviewed, including natural adsorbents (earth crust and bio-adsorbents) and non-
natural adsorbents (lab synthesis and commercial).

This review will also discuss highly desired super adsorbents, an adsorbent with superior
adsorption capacity yet a simple and sustainable synthesis process. Kinetics and isotherms used in
describing the adsorptions system are also deliberated to understand concepts and engineering
aspects of the adsorption process. On top of that, strength, weakness, opportunities and threats
(SWQOT) analysis was applied in this review to identify and analyze internal strengths and weakness
and external opportunities and threats that shape current and future operation of adsorption
process for the treatment of oily wastewater for developing strategic goal.

2. Oil Contaminated Wastewater

Oil in wastewater could be free oil, dispersed oil, emulsified oil or dissolved oil. The emulsified
oil is either oil in water (O/W) emulsion or water in oil (W/O) emulsion [15]. In O/W emulsion, the
oil droplets are dispersed in a continuous water phase (>30% water) while in W/O emulsion, a
continuous oil phase contains droplets of water (<25% water) [16].

Oil-contaminated wastewater is mainly in O/W emulsions [16]. The source of OW is very broad,
it is commonly emitted by metal processing industries, slaughterhouses, dairy industries,
restaurants, poultry processing industries, edible oil refineries, petrochemical industries, and
tannery industries [6]. Qil refineries and petrochemical industries are the largest sources of OW
emissions. When a tonne of oil is processed for foreign refineries, about 0.5 to 1 tonne of OW is
produced while 0.7 to 3.5 tonnes are manufactured for domestic refineries [17]. Malaysia and some
other countries have developed the specific discharge limit of oil and grease in wastewater to
minimize the harmful effect of OW on the environment as summarized in Table 1.
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Table 1 Specific discharge limit of oil and grease in wastewater.

Bodies or regulation Oil and grease discharge limit Reference

Department of Environment, Environment
. . ) 10 mg/L [18]
Quality Act 1974 in Malaysia

Surface water: 10 mg/L

Central Pollution Control Board (CPCB) of India
Coastal water: 20 mg/L

[19]

Oslo-Paris (OSPAR) Convention in North Sea o
Upper limit to the sea: 30 mg/L  [5]

region
Upper limit to the sea,

Paris convention Offshore fields: 40 mg/L [20]
On-land fields: 5 mg/L

China government 10 mg/L [21]

2.1 Sources of Oil in Wastewater
2.1.1 Industrial Sources

One of the industrial sources of OW is the metal industry, where the sources of OW are from
cooling lubricants in metalworking processes such as metal rolling, metal cutting, wire drawing, and
scouring baths for cleaning the metal parts [16]. On the other hand, the petroleum processes
industry like the chemical treatment of lubricating oils, waxes, burning oils, barometric condensers,
and desalting processes had also generated OW due to condensate and wash water coming into
contact with the petroleum products at some stage of the processing. OW is also produced in coke
plants from cooling, quenching, or scrubbing gases. Additionally, industrial OW may generate from
leaks, spills, or cleaning operations of the transportation industry [15].

Vegetable oil mill effluents are another major source of industrial OW. One of the most
problematic OW in Malaysia is palm oil mill effluent (POME). POME is a colloidal suspension that
contains 95-96% water, 0.6-0.7% oil and grease, and 4-5% total solids. The oil droplets in POME
occur in two phases, either as a suspended solid or floating in the supernatant. According to Ahmad
et al. [22], approximately 2,000 mg/L of residue oil exists in the supernatant of POME. Table 2
summarizes the source of industrial OW with its respective oil concentration.

Table 2 Source of industrial OW.

Industrial process Oil concentration (mg/L) Reference
Petroleum refining 20-4,000 [23]
Metal pr.oce.ssmg famd finishing (grlr.1d|ng oils, cut.tlng 100-20,000 (23, 24]
oils, lubrication fluids, and coolant-oil water emulsion)

Aluminum rolling 5,000-50,000 [23]
Copper wire drawing 1,000-10,000 [23]

Food processing (meat, fish, and poultry) 500-14,000 [23, 24]
Edible oil refining (palm oil mill effluent) 4,000-6,000 [22]

Paint manufacturing 1,000-2,000 [23]
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Leather processing (tannery effluents) 200-40,000 [23]
Wool scouring 1,500-12,500 [23]

2.1.2 Municipal Sources

Municipal sources of OW can be of large varieties too. One of the sources is domestic wastewater,
produced by human activities in households, including food preparation, garbage disposal, and
cleaning. Laundry washing and household cleaning produced OW from the oil and grease stains.
Soaps and detergents used in cleaning and washing also contain oil and fat, which mostly turn into
emulsion in the wastewater. Domestic wastewater contains 10-50 mg/L of oil and grease [15]. There
has been a huge increase in the amount of OW produced from domestic wastewater, mainly due to
rapid growth in the population [25] and the outbreak of COVID-19 where lockdown and home
activities are applied.

Vegetable oils that are not only used in food preparation in households but also used in cosmetic
and pharmaceutical products as well as paints are also the sources of municipal OW. The demand
to look for new resources such as biomass fuel in diesel engines had drastically increased the usage
of vegetable oils. Moreover, OW from hotels, restaurants, and other commercial food services
consisting of fats, oil and grease as well as surfactant from the dishwashing detergent is commonly
directly discharged to the drainage system without any treatment [26]. Due to a large number of
customers, high operating temperature, and mixed kitchen waste, the strength of OW from these
sources is higher than the residential water. Yearly, around 50,000 tonnes of municipal OW
dominant by wasted cooking oil are disposed to the environment without proper treatment in
Malaysia [27]. In comparison, 10 million tonnes of municipal OW per year are being produced by
the United States, which is the top producer in the world [28].

2.2 Classification of Oil and Water Mixture

The concentration and nature of oil in wastewater will influence the degree of oil removal in a
treatment process. Therefore, it is important to understand the characteristics of the oil and water
mixture for an efficient treatment process. Qil in OW can be classified as free (floating) oil, dispersed
oil, emulsified oil, and soluble (dissolved) oil.

Free oil is usually produced in the petroleum process industry, aircraft washracks, and the spills
of lubricating, hydraulic, and turbine oils [15, 29]. It is normally present as a floating mass or in the
form of oil droplets which arises quickly to the surface of the water under settled conditions [10].
Therefore, free oil is not a big problem for OW treatment as it can be separated by gravitation,
skimmed off or removed by an overflow weir in a tank [15]. Whereas, dispersed oil is usually
produced by aircraft and vehicle maintenance operations [29]. Dispersed oil contains polyaromatic
hydrocarbons and alkyl phenols less soluble in water [10]. It is an array of fine droplets that are
stabilized by their electrical charges without surfactants.

Emulsified oil has a similar distribution to dispersed oil but has better stability. The high stability
of emulsified oil is mainly due to the interactions with surfactants present in the OW interface [16].
The emulsified oil is usually generated from industrial and municipal sources such as petroleum and
edible refineries, soap manufacturing, food processing, and domestic wastewater [16, 22, 30]. Due
to the high stability of emulsified oil in the aqueous phase, the emulsified oil droplets do not go
through spontaneous coalescence into larger flocs, making its separation by the simple gravity
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method a hard and time-consuming process [22]. On the other hand, soluble or dissolveed oil is
water-soluble oil, which is translucent and transparent [10]. Hence, it is not present as visible
droplets, but truly dissolved chemically or dispersed in extremely small droplets. Soluble oils can
contain materials like phenolic-type aromatic compounds or cutting oil used in metalworking [15].
It is produced during metal processing and ballast water from ships [15, 29]. Table 3 summarizes
the classification of the oil and water mixture and its source.

Table 3 Classification of oil and water mixture and its source [15, 16, 29, 31].

Droplet diameter,

Type of oil Characteristics Sources of oil
Dp (um)
Droplets that float on the
Free (floating) surface of agueous medium Petroleum process and
. >150 . . .
oil due to the difference density of aircraft washrack

oil and water

Aircraft and vehicles
maintenance
operation

Petroleum and edible
oil refineries, soap
manufacturing and
food processing

) . Droplets that stabilized by its
Dispersed oil 20-150 .
electric charges
Droplets that stabilized by the
Emulsified oil <20 chemical action of surface
active agent

Droplets that are very fine and

Soluble
<5 not visible, dissolved in

(dissolved) oil

Metal processing and

. ballast from ships
aqueous medium

3. Adsorption as a Treatment Method for Oily Wastewater

Adsorption is a common method used for the treatment of OW. The adsorption of oil molecules
happens when they adhere to the surface of the solid adsorbent when they come in contact.
Adsorbent plays an important role in adsorption as different adsorbent might involve different
adsorption mechanisms, and leading to variation in adsorption efficiency. Generally, the adsorbent
is classified into two classes; natural adsorbents and non-natural adsorbents. Natural adsorbents
are further classified into earth crust and bio-adsorbents, whereas non-natural adsorbents consist
of laboratory-synthesized adsorbents and commercial adsorbents. Figure 1 below shows the
overview of the classification of adsorbents.
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Figure 1 Classification of adsorbents.
3.1 Natural Adsorbents

Natural adsorbents are obtained naturally, and include charcoal, clays, clay minerals, zeolites,
and ores. Natural adsorbents are relatively cheap, abundant in supply, and have significant potential
for modification to enhance their adsorption capabilities [14]. Natural adsorbents are classified into
two subclasse: earth crust adsorbents and bio-adsorbents.

3.1.1 Earth Crust Adsorbents

Earth crust adsorbents are originated from the earth’s crust and mantle. Goethite derived
naturally is a type of earth crust adsorbent. Winnipeg et al. [32] investigated the effect of crude oil
coating on goethite to remove arsenate, As (V) in water to assess environmental implications. This
is because wastewater from oil fields is frequently released into marine and freshwater bodies. The
adsorption of goethite was fast and the oil did not affect the kinetics of the adsorption process.
However, As (V) adsorption was significantly reduced on oil-covered goethite. This could have an
important effect on the cycling and the biogeochemistry of As (V) and other oxyanions in water with
high oil loads. Alternatively, Takeuchi et al. [33] used engine oil-water emulsion as a model-
produced water to evaluate the oil sorption properties of exfoliated graphite (EG). It was found that
100 mg/L of oil in the emulsion can be reduced to a concentration of 0.1-few mg/L using received
commercially available EG and surface-modified EG subjected to an additional oxidation treatment.
EG sorbs oil preferentially and the oil concentration of the sorbed phase in EG was estimated to be
about 200 times that of the initial untreated emulsion, comparable to that achieved by
nanofiltration (NF) or reverses osmosis (RO) membrane treatment. This confirms the potential of
EG in practical use. Besides single-layer graphite, graphene is another good choice of natural
adsorbent. The high adsorption capacities of graphene-based adsorbents are mainly determined by
their unique nanostructures, high specific surface areas, and tailorable surface properties, which
make them suitable for the storage or capture of various molecules relevant to OW treatment.

Clay minerals such as sepiolite, attapulgite, bentonite, and organoclay are present in the Earth's
crust just like goethite and have been tested for the adsorption of waste oil. Zheng et al. [34]
modified sepiolite with single-chain and doubleOchain organic cation surfactants, stearyl trimethyl
ammonium bromide (STAB) and dimethyl dioctadecyl ammonium bromide (DDAB) for investigating
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the adsorption behavior of modified sepiolite towards emulsified oils in produced water. The
surfactant-modified adsorbents improved emulsified oils adsorption and oil-water separation
efficiency where the emulsified oils removal exceeded 99%. The maximum adsorption capacitates
were reported as 957.0 mg/g for STAB-sepiolite and 1031.5 mg/g for DDAB-sepiolite, respectively.
The work conducted by Zheng et al. [34] has provided a theoretical foundation for the design of
high-efficiency and low-cost organoclay adsorbents. Table 4 presents the study conducted by
researchers on the application of earth crust adsorbents for different OW treatments with their
respective performances.

Table 4 The application of earth crust adsorbents for OW treatment.

Absorbent ow Performance References
Adsorption capacity: 87.58-97.90%
Graphene Laundry Rejection: (35]
oxide wastewater COD =70-85%
BOD =85%
Adsorption capacity: 155 mg oil/g
. . adsorbent
Attapulgite Domestic sewage L [36]
Rejection:
COD = 84.54%
. Textile Rejection:
Chitosan . [37]
wastewater COD =90% Qil =96.35%
. Rejection:
- Organic
Sepiolite COD =50% [38]
wastewater .
BOD = 55-65% Oil =99%
) Rejection:
Bentonite POME [39]

COD = 88-93% Oil =96.5%

3.1.2 Bio-adsorbents

Bio-adsorbents can be found in either agricultural operations or food chain waste. Examples of
bio-adsorbents are banana peel, corn straw, palm oil branches, date seeds, rice husks, wheat straw,
rape straw, sawdust and eggshells. Alkherraz et al. [40] synthesized activated carbon (AC) from olive
branches for removing heavy metals such as lead, zinc, copper, and cadmium from aqueous
solutions. The biosorption of AC from olive branches was found to be pH dependent. The maximum
metal ion biosorption was achieved at pH 5 for lead, copper, and cadmium ions and pH 3 for zinc
ions.

On the other hand, the extent of the metal ions adsorption was increased with the temperature
and initial metal ions concentration. Alternatively, Kunjirama et al. [41] carried out a study
investigating the potential application of oil palm empty fruit bunches (OPEFB) as adsorbents to
remove organic methylmercury, MeHg(ll) and inorganic Hg(ll) from agueous solution. The OPEFB
was functionalized with an amine-containing ligand namely 3-ureidopropyltriethoxysilane (UPTES)
aiming for better adsorption performance towards both mercury ions. The adsorption was pH,
concentration, temperature, and contact time dependent. The maximum adsorption capacities of
Hg(ll) adsorption onto OPEFB and UPTES-OPEFB were 0.226 and 0.773 mmol/g, respectively.
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However, the maximum adsorption capacities of MeHg(Il) onto OPEFB were higher than UPTES-
OPEFB. UPTES-OPEFB offered higher selectivity towards both mercury ions than OPEFB. Table 5
presents the study conducted by researchers on the application of bio-adsorbents for different OW
treatments with their respective performances. Generally, wooden residue-based bio-adsorbents
are preferable to fruit-based bio-adsorbents. This is because wooden residue-based bio-adsorbents
showed better stability in regeneration cycles, making them more robust in applications [42].

Table 5 The application of bio-adsorbents for OW treatment.

Adsorbents Target Performance References
Adsorption capacity: 1330-1425 mg-oil/g-
Date palm Oil adsorption P pacity g-oil/g [43]
adsorbent
) Phenols from . .
Activated Adsorption capacity: 88 mg-phenol/4g-
. petroleum [44]
date-pit adsorbent
wastewater
Dissolved _ . .
. Equilibrium adsorption capacity: 5.75-19.85
organic carbon me/
Date seeds (DOC) in g & . [45]
Rejection:
produced
DOC =70-82%
water
Oil removal Reiection:
Banana peel  from produced ~) ' . [46]
Oil = 194 mg/L-0il/267mg-banana peel
water
Pomegranate Oil removal
oeel 8 from produced Adsorption capacity: 555 mg/g [47]
water

3.2 Non-natural Adsorbents

Adsorbents synthesized in a laboratory or acquired by purchasing them from commercial
companies are considered non-natural adsorbents. Commercial AC, deposited carbon, zeolite, and
carbon nanotubes (CNTs) are the non-natural adsorbents used to treat OW.

3.2.1 Laboratory Synthesized Adsorbents

Laboratory synthesized adsorbents are described as evolving adsorbents discovered via
laboratory experiments. Nanotechnology-based adsorbents were perceived as noteworthy
laboratory-synthesized adsorbents for the treatment of OW. It was reported that particles with
smaller sizes would drastically increase the chemical activity and adsorption capacity [48]. Nano-
adsorbents are classified into several categories based on their function in the adsorption process.
Nanoparticles (NPs), nanostructured mixed oxides (NMOs), magnetic NPs, and metal oxide NPs are
among them. On the other hand, carbon nanomaterials, carbon NPs, and carbon nanosheets are
some of the most recent developments. Furthermore, various ranges of silicon NPs are utilized as
nano-adsorptive silicon nanotubes, silicon NPs, and silicon nanosheets.

Page 9/21



Adv Environ Eng Res 2023; 4(1), doi:10.21926/aeer.2301016

Franco et al. [49] synthesized hydrophobic silica NPs and silica NPs functionalized with a
petroleum vacuum residue (VR) to reduce oil in oil-brine and oil-water emulsion. The study showed
100% oil removal for all the systems studied and better performance was achieved for oil-saltwater
emulsion. Besides, Franco et al. [50] also synthesized alumina-based adsorbents and investigated
oil adsorption onto hydrophobic alumina NPs and alumina NPs functionalized with petroleum VR.
Comparatively, alumina-based adsorbents have a more prominent affinity towards oil molecules in
OW treatment. The polarity of silica NPs contemplated this.

On the other hand, Fard et al. [51] synthesized and evaluated novel iron-oxide/CNTs
nanocomposites for oil-water separation. The CNTs were doped with different loadings of iron oxide
NPs using a wet impregnation technique. The increasing iron oxide loading on the surface of CNTs
had increased the removal of the emulsified oil from the water. The sorption capacities of doped
CNTs were greater than 7 g/g for gasoline oil. They reached maximum sorption capacity after 15
minutes, one of the fastest minimum contact times reported by all oil sorbent materials. Table 6
shows the laboratory-synthesized adsorbents and their performance in OW treatment.

Table 6 Laboratory synthesized adsorbents and its performance.

Adsorbent Target Performance Reference
Silica NPs Oil saltwater 93% oil removal [49]

Oil freshwater 93% oil removal [49]
Alumina NPs Oil saltwater 185.76 mg-oil/g-adsorbent [50]
CNTs oil 87% oil removal [51]

3.2.2 Commercial Adsorbents

Commercially accessible adsorbents are frequently used in OW treatment. AC is the foremost
broadly utilized commercial adsorbent. It is also the oldest known adsorbent [52]. Besides OW
treatment, AC is also use to eliminate various pollutants such as heavy metals and dyes from
wastewater. AC has the advantage of simple operation. However, its broad application in
wastewater treatment is restricted by its high production cost and relatively low adsorption capacity,
which needs frequent regeneration or disposal [53].

Zeolite is another commonly available commercial adsorbent. Zeolite is an inorganic substance
with high porosity, wide surface area, high regeneration potential, strong acidic stability, and
economics, making it a good adsorbent for OW treatment [54]. Jun et al. [54] reported that zeolite
is exceptional for removing organic compounds and heavy metals in wastewater. It was also
testified that zeolite displays incredible adsorption ability towards aerobic POME [55]. However, the
poor permeability of zeolite necessitates an artificial transformation in practical applications [52].

Khader et al. [56] used AC and zeolite to absorb oil and COD from produced water by absorption
experiments (continuous fixed-bed column). Two types of AC—powdered and granular were utilized.
The results revealed that powdered AC obtained the highest removal of oil and COD (72.98% and
69.5%), followed by granular AC (64.87% and 60.94%), and lastly zeolite (58.58% and 52.49%) at
1.25 mL/min, 0.5 g adsorbent dose, 40 ppm oil concentration, 1350 ppm COD, and 2 cm bed height.
This arranged is related to the characteristics (surface area, pore volume) of the adsorbents that
were used, where the surface area was 824.34, 504.35, and 303.45 m?/g and pore volume was 0.753,
0.632, and 0.503 cm3/g for powdered AC, granular AC, and zeolite, respectively. When the surface
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area (large pore size) of the adsorbent is increased, the amount of adsorption capacity increases
due to a decrease in the diameter of the adsorbent particles, because of increasing the active sites
and the activity of adsorption kinetic for adsorbent to adsorb oil and COD from produces water and
therefore the increased removal efficiency f organic pollutants.

3.3 Super Adsorbents

Super adsorbents with ultrahigh adsorption capabilities are highly desired for efficient OW
treatment. However, most of the adsorbents with high adsorption capabilities are powdery
adsorbents, showing inescapable limitations in practical application. Therefore, it is practically
imperative that a simple yet reliable method for synthesizing adsorbents with ultrahigh adsorption
capability and convenient column operation need to be developed. The superabsorbent that are
going to discuss are palm oil mill effluent-based graphene sand composites (P-GSC) and palm oil mill
effluent-based palm kernel shell (P-PKS).

3.3.1 Palm Oil Mill Effluent-based Graphene Sand Composite (P-GSC)

Graphene has gained popularity as an adsorbent due to its unique features of large surface area,
high mechanical strength, low weight, high flexibility, and high chemical stability [57]. The incredible
adsorption capability of graphene allows it to be used for OW treatment. Gupta et al. [58] developed
a green method for synthesizing graphene material from cane sugar, a common disaccharide.
Chemically synthesized graphene was immobilized on sand without needing any binder, resulting in
a composited, referred to as graphene sand composite (GSC). GSC shows excellent performance in
removing contaminates from water such as rhodamine 6G as a model dye and chlorpyrifos as a
model pesticide to that of AC. On top of that, the GSC can be easily regenerated. Subsequently,
Dubey et al. [59] studied the adsorption of GSC to remove hexavalent chromium, Cr (VI) the most
toxic contaminant. The maximum adsorption capacity of GSC for Cr (VI) was found to be 2859.38
mg/g at room temperature which is claimed to be one of the exceptionally high values reported in
the literature.

However, using graphic materials for large-scale and down-to-earth applications like water
purification and wastewater treatment is quite challenging. This is mainly due to the difficulty in the
large-scale synthesis of GSC, as the carbonaceous source of sugar is costly [60]. In general, an
adsorbent can be termed as a low-cost adsorbent if it requires little processing, has an abundant
carbonaceous source in nature, or the carbonaceous source is a by-product or waste material from
the industry. Hence, a cheap and easily available carbonaceous source with a simple synthesis
method to produce GSC is of utmost concern [61]. The palm oil industry is one of the major agro-
industries in Malaysia. The palm oil extraction process consumes a huge amount of water for steam
sterilizing the fresh oil palm fruit bunches (PFB) and clarifying the extracted oil which eventually
ends up as POME, the single largest source of industrial wastewater in Malaysia [62]. Wan
Mohammad Hamdan et al. [61] used POME as a low-cost carbonaceous source to synthesize P-GSC.
Figure 2 presents FESEM micrographs of the synthesized P-GSC. P-GSC surface was rough, irregular,
and covered with a thin sheet of graphene layers that could have contributed to high adsorption
capability. The synthesized P-GSC was used as the adsorbent in the adsorption treatment process
to remove the undesirable constituents in POME. This concept echoes the increasing importance of
sustainable development, where the waste (POME) was converted into a value-added product (P-
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GSC) to treat the waste (POME). Small size P-GSC (0.30-0.60 mm) had the best performance in
removing COD, color, turbidity, and total dissolved solids (TDS) from diluted aerobic POME up to
94.7%, 92.3%, 83.3%, and 51.5%, respectively. The concept of sustainable waste-to-treat-waste has
been proven throughout this study. Results from this study appear to be an attractive practice that
could be economical and eco-friendly beneficial.

Figure 2 FESEM micrographs of small size P-GSC at the magnification of (a) 100x and (b)
2.5 kx (Adapted from [61]).

3.3.2 Palm Oil Mill Effluent-based Palm Kernel Shell (P-PKS)

Oil palm kernel shells (PKS) are another biomass produced by the palm oil industry. PKS with its
large cavities and porosity, low cost, widespread accessibility, and adsorption affinity, is an excellent
organic sorbent for pollution removal. Previous research used PKS to remove heavy metals, dyes,
persistent organic pollutants, and contaminants [54]. However, raw PKS is lacks efficiency and
stability, hence not applicable in actual wastewater treatment. Efforts have been underway by Teow
et al. [62] to develop an adsorbent; the synthesis of which uses two wastes (POME and PKS) from
the palm oil industry for the synthesis of P-GSC. Similar to the study by Wan Mohammad Hamdan
et al. [61], POME was used as a low-cost carbonaceous source, coating onto PKS for P-GSC synthesis.
The synthesized PKS was examined for removing methylene blue (MB) dye by adsorption. The batch
column study demonstrated that small-sized synthesized P-GSC from PKS as a base material could
remove up to 98.5% for concentration. Alternatively, Teow et al. [63] explored P-GSC synthesis with
oil palm frond (OPF) juice as the natural carbon source and with oil palm kernel shell as the base
material. The adsorption performance was evaluated by studying the effect of synthetic MB solution
concentration and the P-GSC mass. 75.45%—99.13% removal of MB ions from synthetic MB solution
after 20 h of adsorption performance study suggested the applicability and effectiveness of the
synthesized P-GSC in treating dye-containing wastewater. The concept of deploying POME as the
carbonaceous source to produce P-GSC, and then, deploying the resultant P-GSC as the adsorbent
for MB dye removal has presented promising practical potential. This green technology can
significantly contribute to the body of knowledge on sustainability, economic growth, and mitigating
environmental degradation; thus, the environmentally friendly reuse of waste materials is
envisioned to promote a ‘zero-waste industry.
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4. Adsorption Isotherms and Models
4.1 Kinetics

Adsorption kinetics needs to be understood before the applicability of any adsorbent. The mass
transfer from the solution to the adsorption sites at the adsorbent’s surface is constrained by mass
transfer resistance that determines the time required to reach the state of equilibrium [64]. The
time progress of the adsorption process is referred to as adsorption kinetics [65].

Diffusion processes usually limit adsorption rate toward the external adsorbent surface and
within the porous adsorbent particles. Based on the model, the adsorption mechanism can be
identified [66]. Typically, adsorption equilibria are not established instantaneously. This is
particularly true for porous adsorbents. The surface complexity of the adsorbent solute
concentration and flow influences kinetics. From the many different kinetics models, the most
common models for the OW adsorption process are the Pseudo-first order (PFO), Pseudo-second
order (PSO), and intraparticle diffusion model [67].

The PFO model is also known as the Lagergren model. PDF describes the adsorption of adsorbate
onto adsorbent following the first-order mechanism [68]. It assumes that the rate of solute uptake
is directly proportional to concentration, which is generally applicable at the initial stage of an
adsorption process [69]. Eq. (1) represents the PFO model:

(qe — q¢) =Inq, — (k1) (D

where gt is adsorbate absorbed onto adsorbent at time t (mg/g), ge is equilibrium adsorption
capacity (mg/g), and ki is rate constant per min. The linear plot of In (ge - g:) against time is used to
determine the rate constant ki.

The PSO model assumes of the adsorbate’s adsorption rate proportional to the available sites on
the adsorbent. The reaction rate depends on the amount of adsorbate attached to the surface of
the adsorbent [70]. The PSO model is described based on the following equation:

t 1 +1t @
q: k292 q.

where gt and ge are the amounts of adsorbate adsorbed onto the adsorbent at equilibrium (mol/cm3)
and k; is the PSO rate constant (g/mg/min). The linear plot of t/q:against time is used to determine
ge and k, from the slope and intercept, respectively. PSO and PFO do not explain adsorbate diffusion
into the adsorbent [71]. Therefore, before any conclusion is made about the adsorption mechanism,
diffusion models should be concerned.

The intraparticle diffusion model is the most popular formula to describe diffusion-controlled
processes. It was widely applied to describe the liquid/solid adsorption kinetics. The intraparticle
diffusion model is presented in Eq. (3):

qr = Kaipt®> + C 3)

where, g: is the adsorbate concentration at time t (mg/g), Kair is the intraparticle diffusion rate
constant (mg/g min®°), C is the thickness of the boundary layer (mg/g), and t is the time taken for
diffusion (min).
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4.2 Isotherms

The equilibrium relationship between the adsorbent and the adsorbate is explained through
various isotherms to quantify the amount of adsorbate at a constant temperature [72]. The most
commonly used isotherm models are Langmuir, Freundlich and Tempkin isotherms.

4.2.1 Langmuir Isotherm

Langmuir isotherm is one of the oldest empirical models used to describe the adsorption
equilibrium relationship [72]. Langmuir isotherm assumes monolayer adsorption in which
adsorption only occurs at a finite number of sites. All adsorption sites are equivalent and adsorbed
adsorbates do not interact with each another [67]. Eq. (4) is the Langmuir isotherm in the linear
form:

Ce _ 1 +Ce
Cads Qb Q

(4)

where Ce is the equilibrium concentration of adsorbent (mg/L), Cads is the amount of adsorbate
adsorbed at equilibrium (mol/cm3), Qp is the maximum adsorption constant (L/mg) at a given
temperature, related to the energy of adsorption, and Q is the maximum adsorption capacity (mg/g).

4.2.2 Freundlich Isotherm

Freundlich isotherm describes adsorption processes that occur on the heterogeneous surface.
Active sites with different energies promote multilayer adsorption in achieving equilibrium [73]. Eq.
(5) is the Freundlich isotherm in the linear form:

1
InQ = InK; + ;lnCe (5)

where Kt is the Freundlich isotherm constant (L/g), n is the adsorption intensity (mg/L), Ce is the
equilibrium concentration of adsorbate (mg/L).

4.2.3 Tempkin Isotherm

Tempkin isotherm contains a factor that considers the interaction between adsorbates [74]. The
isotherm assumes that the heat of adsorption of all binding molecules in the adsorbent layer
decreases linearly rather than logarithmically with coverage at average concentrations. The heat of
adsorption is characterized by a uniform distribution of binding energies up to some maximum
binding energy [67]. The model is expressed as follows:

RT

Qe = ElnAT +<

RT

bT) InC, 6)

where At is the Tempkin isotherm equilibrium binding constant (L/g), bris the Tempkin isotherm
constant, R is the universal gas constant (8.314 J/mol/K), T is the temperature at 298 K, and Ce is the
equilibrium concentration (mg/L). Ar and (RT/br) are determined from the intercept and slope of
the plot of ge against In Ce, respectively.
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5. Strength, Weakness, Opportunities and Threats (Swot) Analysis

SWOT analysis was conducted to identify and analyze internal strengths and weakness and
external opportunities and threats that shape current and future operation of adsorption process
for the treatment of oily wastewater for developing strategic goals. Table 7 summarized the SWOT
analysis of adsorption process for oily wastewater treatment.

Table 7 SWOT analysis of adsorption process for the treatment of oily wastewater.

Helpful Harmful
To achieving the objective To achieving the objective
Weakness
Strengths e Weak specificity
e Simple design ® Regeneration needed or excessive
Internal origin ® Low cost waste product need to be charged
e Small footprint e Efficiency affected by operation
o No secondary pollution conditions (such as pH and flow
rate)
Opportunities
PP i Threats
e Common oily wastewater treatment . i . i
e Stringent discharge limit of oil and
o method .
External origin grease in wastewater

e Concepts, theory, and engineering
aspects of the technologies are well
developed

e Up-scaling of super adsorbent
production

6. Conclusion

Pollution of OW has become a global phenomenon, causing adverse environmental and health
hazards to the ecosystems. Over decades, adsorption technology has been engineered to curb this
menace. Implementation of adsorption technology to treat OW provides an efficient approach to
meeting stringent discharge limits of oil and grease in wastewater.

A detailed review of the adsorption process for the treatment of OW was presented. There is a
vast array of natural adsorbents and non-natural adsorbents. However, most of the adsorbents with
high adsorption capabilities are powdery adsorbents. Although powdery adsorbents have a high
surface area for adsorption, they show inescapable limitations in practical application as a
subsequent separation step is needed to retain the powdery adsorbents. Super adsorbents with
ultrahigh adsorption capabilities such as P-GSC and P-PKS discussed in this paper are highly desired.
The extraordinary properties of P-GSC and P-PKS can provide leap-forward opportunities to
revolutionize traditional adsorption technology. However, scale-bridging and optimization study of
these innovated super adsorbents is required for the real application. It shows a bright future of P-
GSC and P-PKS towards OW treatment.

Page 15/21



Adv Environ Eng Res 2023; 4(1), doi:10.21926/aeer.2301016

List of Abbreviations

AC
BOD
CNTs
COD
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PKS
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UPTES
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Dissolved organic carbon

Exfoliated graphite

Graphene sand composite

Methylene blue

Nanofiltration

Nanostructured mixed oxides

Nanoparticles

Oil palm empty fruit bunches

Oil palm frond

Oslo-Paris

Wastewater or oily wastewater

Oil in water

Palm fruit bunches

Pseudo-first order

Palm oil mill effluent-based graphene sand composites
Palm kernel shells

Palm oil mill effluent

Palm oil mill effluent-based palm kernel shell
Pseudo-second order
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Stearyl trimethyl ammonium bromide
Strength, weakness, opportunities and threats
Total dissolved solids

United Nations Educational, Scientific and Cultural Organization
3-ureidopropyltriethoxysilane

Vacuum residue

Water in oil
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