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Minimizing oil pollution: a review of current status
and its treatment options
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Oil contamination is a critical issue affecting global water resources, which originates from a variety of
sources, including domestic and industrial activities. The situation has been exacerbated by recent
incidents, particularly in marine environments. Effective control measures and technologies are essential
for minimizing oil pollution. Several factors influence the efficiency of oil-water separation, such as
operating conditions, chemical additives, equipment design, and environmental factors. However,
current separation methods often face limitations in terms of time consumption, high operational costs,
and large system footprints, which constrain their widespread industrial application. This review explores
the status of oil pollution and novel ways of interacting with other water contaminants, along with
available methods for reducing oil contamination, with a focus on increasing global crude oil production
and its environmental impact. Despite existing discharge regulations, accidental spills and other human
activities continue to pose significant risks to water resources. This study discusses a range of methods,
from traditional screening techniques to cutting-edge processes, such as adsorption, flotation, filtration,
chlorination, and activated/triggered infiltration. In addition, this study highlights the current trends and
future directions in the treatment of oily wastewater, emphasizing the need for sustainable and effective
solutions for the oil industry. Industrial oily wastewater presents significant environmental and health
risks, with varying challenges across developed, emerging, and less-income nations. While developed
countries have access to advanced technologies, emerging contaminants pose new challenges.
Emerging and less income nations struggle with outdated infrastructure and lack regulatory frameworks.
Addressing these issues requires an integrated approach to wastewater treatment that combines
biological, chemical, and physical methods to enhance both efficiency and sustainability. This study
provides detailed informational material to support policymakers in determining future research
directions, encourages the scientific community to undertake innovation in new directions, fosters
collaborative efforts, and establishes regulations that promote the adoption of sustainable practices.

Oil pollution is a persistent threat to global water quality, biodiversity, and public health, particularly in regions with rapid industrialization and insufficient
infrastructure. This review provides a comprehensive evaluation of sustainable treatment strategies, integrating physical, chemical, and biological processes to

enhance oily wastewater management. The study focuses on eco-friendly remediation technologies and highlights disparities in treatment access across
nations; the work supports inclusive and resilient water solutions. It directly contributes to UN Sustainable Development Goals 6 (Clean Water and Sanitation),
12 (Responsible Consumption and Production), 13 (Climate Action), and 14 (Life Below Water) by advancing knowledge essential for minimizing pollution,
protecting ecosystems, and fostering policy frameworks that ensure long-term environmental stewardship and water sustainability.

1. Introduction

by oil or pollutants. This cleanup is essential, as oil contami-
nation has severe environmental consequences, impacting

In the present industrial scenario, the oil sector is crucial for the
global energy supply. Oil companies undertake various activi-
ties, including the vital task of remediating water contaminated
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natural ecosystems and human health." Contaminated water
not only disrupts aquatic life but also damages fisheries,
tourism, and coastal infrastructure.” The presence of oil in
wastewater reduces oxygen levels, deteriorates water quality,
and poses significant health risks, leading to gastrointestinal
issues, organ damage, and an increased risk of cancer.® Rapid
industrial expansion in recent decades has complicated the
management of oily wastewater from diverse sources, such as
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oilfields, refineries, petrochemical plants, and even domestic
sources like restaurants.*® The composition of oils in contam-
inated water varies widely, with concentrations ranging from 1
to 40000 mg L. In 2022, global crude oil production was
projected to reach around 4500 million metric tons® (shown in
Fig. 1). This growth has resulted in the generation of 9-14
billion m® of oily wastewater globally, with serious conse-
quences for ecosystems due to surface slicks that smother
aquatic life and hinder oxygen and sunlight penetration.”®
The exploration and production (E&P) industry aims to
reinject oilfield produced water (OFPW) into underground
formations for disposal and reservoir pressure maintenance.
However, a considerable portion of OFPW remains in the
subsurface, raising environmental concerns due to potential
contamination of various ecological receptors. The generation
of OFPW is steadily increasing, putting economic pressure on
E&P companies regarding safe disposal and treatment. Volumes
have increased from less than 30 million barrels per day in 1990
to nearly 100 million barrels per day by 2015, primarily due to
aging oilfields and increased water production. At the surface,
OFPW is separated from crude oil, but residual contaminants
such as suspended oil particles, oil, grease, and dissolved
organic and inorganic compounds persist. These include chlo-
ride, bicarbonate, carbonate, and sulfate, which pose
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environmental challenges. The total dissolved solids, salinity,
and heavy metals vary among geological formations and reser-
voir locations, necessitating thorough characterization of the
physicochemical properties of OFPW for effective monitoring,
treatment assessment, and regulatory compliance. Reinjecting
all OFPW underground is impractical, as it can damage
formations. Consequently, a significant volume is often dis-
charged into the environment with insufficient treatment,
which threatens ecosystems by lowering dissolved oxygen levels
and contributing to sludge formation. OFPW is generally more
saline and mineral rich than surface water, complicating its
management.

Managing oil in water involves categorizing it based on its
source, composition, and physical traits, which helps in
understanding contamination levels and formulating effective
remediation strategies. A variety of techniques have been
developed for efficient oil removal, such as gravity separation,
cyclone separation, chemical precipitation, absorption,
membrane filtration, and chemical oxidation.'*** However,
many of these methods face challenges, including inefficiency,
lengthy processing times, the risk of secondary pollution
(generated due to the interaction of oil waste with other water
contaminants), and high costs, which can hinder their practi-
cality in treatment applications. The issue of effectively

Crude oil production - 2022
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Fig. 1 Countrywise crude oil production data in million metric tons — 2022.°
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eliminating oil from wastewater remains significant. This
review focuses on both conventional and eco-friendly treatment
technologies for OFPW, exploring options like adsorption,
membrane filtration, advanced oxidation processes, and
coagulation/flocculation. As OFPW is a byproduct that poses
environmental threat, transforming this waste into renewable
energy is essential for reducing the economic burden on
industrial sectors while minimizing its ecological impact.*> This
review provides an extensive overview of OFPW characteristics,
management practices, interactions with other contaminants
and treatment technologies, assessing their effectiveness. A
major hurdle in OFPW management is the identification of
suitable and cost-efficient treatment solutions. This study
addresses these knowledge gaps and offers insights for
improving future strategies that consider associated challenges
to decipher all treatment options for effectively removing oil
from wastewater.

2. Chemical composition of oily
wastewater released from various oil
fields

Oily wastewater is a byproduct generated from diverse sources,
including oilfields, petroleum refineries, metal processing, ship
and vehicle cleaning, food processing, slaughterhouses,
tanneries, and restaurants (Fig. 2). The composition of oily
wastewater varies significantly based on specific production
processes, operations, and chemicals used in facilities. Indus-
tries such as the mechanical, automotive, and thermoelectric
sectors generate effluents contaminated with oily particles,
primarily due to fossil fuel derivatives like gasoline, diesel, and
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low-pour-point oils. These contaminants, which vary in
concentration, also originate from the food industry and
domestic sewage."® Wastewater rich in oils and greases can
emerge at different stages of industrial operations.'*** The
chemical classification of the oils and their chemical class,
formula, uses, and effects are presented in Table 1.

Generally, they contain a mixture of lipids, including
triglycerides, free fatty acids, and phospholipids, as well as
proteins, carbohydrates, and smaller amounts of other
substances (Fig. 3). Fatty acids are primarily glycerol esters or
glycerides, which are abundant lipids that are nonpolar and
insoluble in water. Free fatty acids (FFAs) are organic
compounds characterized by a carboxylic acid group (-COOH)
and a long hydrocarbon chain, typically containing 8-22 carbon
atoms, often with double bonds. Due to their chemical struc-
ture, FFAs are highly reactive and can undergo various reac-
tions, including esterification, oxidation, and hydrolysis. They
combine with glycerol to form triglycerides, which are the main
components of fats, oils, and grease (FOG). This combination
significantly influences properties such as pH, melting point,
viscosity, and reactivity. Glycerides, primarily in the form of
triglycerides, consist of glycerol and fatty acids and are
commonly found in fats and oils.*® Their physical state varies on
the basis of the composition of fatty acids, and triglycerides are
less dense than water, with their properties being determined
by the specific mixture of fatty acids present. Additionally, metal
precipitates of fatty acids, commonly referred to as soap, are
formed when fatty acids react with metal ions like calcium,
which are often found in hard water. These soaps vary in
melting point and solubility, with longer carbon chains typically
exhibiting greater toxicity but lower water solubility.
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Fig. 2 Chemicals released from domestic and industrial fields and their associated challenges.
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Fig. 3 Major components in FOG deposition and their chemical structure. Image source: Oil spill photo — Jesse Kavanaugh, U.S. Coast Guard.

widespread oil pollution."” Oil-contaminated water is a complex
mixture that contains various key components, each with
distinct properties that influence its behavior and treatment. It

2.1 Types and characteristics of oil-contaminated water

The global increase in oil-contaminated areas is linked to the
growing demand for oil and oil products, resulting in
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can exist in two forms: immiscible oil-water mixtures and oil-
water emulsions.'® These forms can be categorized based on
droplet size: floating oils (droplet size: ds = 150 um), dispersed
oils (ds between 150 and 20 um), emulsified oils (ds =< 20 um),
and dissolved oils (ds = 5 pm) (Fig. 4).* The impact of oil
contamination on water quality is substantial, contributing to
severe environmental pollution from oil-contaminated waste-
water. The elements of oily wastewater include dispersed oil,
organic components that are dissolved or soluble, solids,
bacteria, and dissolved minerals.” Dispersed oil denotes oil
droplets that are suspended in water, with variations in size and
stability influencing the overall appearance and characteristics
of the affected water. The dissolved organic elements include
hydrocarbons, such as saturates and aromatics, along with
other materials like chloride and sulfates.?** The solids present
in oil-polluted water may consist of particulate matter, sedi-
ments, and various suspended substances, affecting the
turbidity and overall makeup of the wastewater. Bacteria found
in this water can contribute to biodegradation processes,
dismantling organic compounds and affecting the microbial
ecology of the polluted environment.>* Dissolved minerals in
oil-contaminated water can originate from the oil itself or from
the surrounding environment, affecting water conductivity, pH,
and overall chemical composition.

Oil pollution in water can be addressed through various
processing methods, which can be classified into chemical,
electrochemical, physical, physiochemical, or biological tech-
niques.*?* Most industrial oily wastewaters primarily consist of
oil-in-water emulsions, which are significant contaminants.*
These emulsions tend to remain stable due to electrostatic
repulsion between droplets, which hinders their ability to coa-
lesce into larger droplets. This stability complicates the treat-
ment process via conventional methods.

The process of removing oil from wastewater involves several
key steps. Initially, methods were employed to eliminate free
and dispersed oil. Once these oils are removed, the next step
focuses on treating the emulsified oil, followed by the removal
of the dissolved oil from the wastewater. Treatment methods
are categorized into primary, secondary, and tertiary processes,
depending on the characteristics and nature of the oily
wastewater.

2.2  Emulsion

Emulsions are characterized by several distinctive properties
that distinguish them from other mixtures. The water in oil
emulsions consist of water droplets dispersed within the oil,
essentially the reverse of traditional emulsions. This scenario
often arises in oily wastewater generated during oil production,
where the water needs to be removed. For refineries to meet
standards for crude oil, it is crucial to fully dehydrate the oil
droplets. This separation process is commonly facilitated by
reverse emulsion breakers, which help to effectively separate
the water from the oil. In oily wastewater, oil droplets are
dispersed throughout the water, where water serves as the
continuous phase and oil acts as the dispersed phase. In oil-in-
water, emulsions can remain stable for extended periods and

3688 | RSC Sustainability, 2025, 3, 3681-3723
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are largely influenced by factors such as droplet surface charge,
specific gravity, surface tension, and solubility characteristics
relative to the water phase. These types of emulsions are often
referred to as nanoemulsions. While there are environmental
concerns associated with oil-water emulsions, they also possess
unique properties that make them valuable across various
fields, including food technology, pharmaceuticals, agriculture,
lubricants, cosmetics, and cleaning agents. To meet discharge
requirements, removing oil from water is essential. This is
usually achieved through the use of demulsifiers, which facili-
tate the coalescence and extraction of oil droplets. In such
cases, the oil is typically waste oil, making it crucial to prioritize
the preservation of water quality over the quality of the recov-
ered oil. Another type of oily wastewater contains small particles
dispersed throughout, which cannot be effectively filtered out
via filter paper. While these particles eventually settle to the
bottom due to gravity, relying on this natural process can be
slow and inefficient. For a plant that aims to meet productivity
standards, this method of treatment is not optimal. Like
colloidal suspensions, suspended solids are particles present in
water. Unlike colloids, these solids typically float rather than
being dispersed throughout the liquid. Because they are
generally larger, they settle more quickly than colloidal parti-
cles. This larger size also makes it easier to filter them out.
However, to enhance the treatment process, coagulants and
flocculants are often still needed to expedite the removal of
these suspended solids.

2.3 Formation of oil and grease deposits and their chemical
interactions

Refinery effluents, generated during the conversion of crude oil
into refined products such as petrochemical intermediates,
lubricants, fuels, and liquefied petroleum gas, vary widely in
composition and quantity. This variability depends on the
characteristics of the crude oil used, the design of the plant, and
the specific processes employed.”® Common contaminants in
refinery effluents include crude oil and various hydrocarbons. It
is a complex mixture of hydrocarbons, which can be categorized
into saturated hydrocarbons, aromatic hydrocarbons, and
nonhydrocarbon chemicals. Saturated hydrocarbons have
simpler molecular structures characterized by carbon-carbon
and carbon-hydrogen bonds that are relatively easy to break
down; these hydrocarbons can evaporate from soil due to their
low boiling points. In contrast, aromatic hydrocarbons possess
more complex molecular structures and higher boiling points,
making them more persistent in the environment.”” Other
pollutants found in refinery effluents include phosphates,
halides, COD, sulfates, heavy metals, suspended particles,
cyanides, benzene, phenols, hydrogen, and ammonia.
Contamination in oily wastewater, which includes oil products
(OPs) and petroleum, arises from various sources, including
remediation, transportation, and the production of 0il.*® For
instance, oil used as fuel for marine engines or during the
washing of oil tanks can lead to water contamination. Notably,
losses from oil transportation account for approximately 35% of
total contamination, while rivers contribute about 32%, and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(octadecane) reacts
with phosphoric
acid to form

a phosphate ester,

releasing water in

the process

where R-H is an alkane

Aly(SO,); + H0 —

2AI*" + 350, +6H' (e.g., methane, ethane),

and R-Cl is the

resulting alkyl chloride
(e.g., chloromethane,

chloroethane)
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urban and industrial areas contribute the remaining 12%.%
Traditional methods for treating refinery wastewater include
mechanical and physicochemical techniques, as well as bio-
logical remediation through integrated activated sludge
systems.**!

Oils and greases undergo hydrolysis in anaerobic environ-
ments, leading to the production of fatty acids (FAs) and glyc-
erol.*>* These substances can further decompose into 1,3-
propanediol and acetate.**** Various studies have shown that
FOG deposits in sewer systems contain not only FAs but also
minerals and metals, including calcium (Ca).***® Oil and grease
(OG) deposits are composed primarily of calcium fatty acid
salts. Research by Gross et al.*® indicated that these deposits can
also arise from the crystallization of FAs without the involve-
ment of Ca. Studies*®*° identified four essential components for
the formation of FOG deposits: Ca®", free fatty acids (FFAs),
FOG, and water. These elements are critical for the development
of FOG deposits, which form through three main mechanisms:
(i) a reduction in the thickness of the FFA layer due to excess Ca
aggregation; (ii) saponification reactions between FFAs and
positive metal ions like Ca®'; and (iii) the accumulation of
unreacted FFAs, Ca ions, and debris around earlier deposits,
influenced by van der Waals forces and electrostatic repulsion
(according to Derjaguin-Landau-Verwey-Overbeek DLVO
theory).

To understand FOG formation after cooking, it is essential to
consider the roles of sodium (Na) and potassium (K) in these
processes. Na and K are naturally found in raw foods, and
during deep frying, some Na ions can react with FFAs in the oil
to form sodium or potassium oleate (commonly known as Na
soap or K soap).** This reaction lowers the interfacial tension
between the frying oil and the thin water layer on the surface of
the fried food, facilitating the transfer of polar lipids from the
oil to the food. Additionally, the formation of Na or K soaps
enhances the foaming of the frying oil, which can accelerate its
oxidation. This oxidation occurs rapidly under frying conditions
due to heat, light, and metal catalysts. The process begins with
the formation of peroxy, alkoxy, and alkyl free radicals in the oil,
which react with oxygen or other reactants, leading to the
production of organic peroxides. These hydroperoxides can
further decompose to generate aldehydes, ketones, and fatty
acids through a series of chain reactions.

R’ +0=0""— R' - 00’

R-00" +R—H —»R - OOH + R’ (1)
R-0O+R—-H—-R—OH+R’
R —OOH—R — O’ + "OH 2
2R —OOH—R — 0" +R — 00" + H,0

R+ R’

R'+R -0

R+ R — 00’ 6

R -0 +R - 00

R — 00" +R - 00

R-0" +R-0
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Reactions of free fatty acids with alkali: formation of metallic
soaps

R-COOH + NaOH — NaOH — R-COONa + H,0  (4)
R-COOH + KOH — R-COOK + H,0 (5)

Formation of metallic soaps from triacylglycerols in FOG
through saponification

C;H;5(COOR); + 3NaOH — C;Hs(OH); + 3NaOOCR  (6)
C;H5(COOR); + 3BKOH — C;H5(OH); + 3KOOCR (7)

Chemical emulsion breakers, or coagulants, are commonly
used to break down fats, oils, and grease (FOG) into smaller
particles. However, their effectiveness hinges on precise pH
control, and they can inadvertently increase the chemical load
in wastewater. Furthermore, their efficiency may decrease when
interacting with dissolved solids or organic matter. Under high-
alkaline conditions, FOG can undergo saponification, resulting
in soap formation that enhances its water solubility, compli-
cates separation processes and exacerbates scaling and clogging
in pipes. The presence of FOG also elevates chemical oxygen
demand (COD) and biochemical oxygen demand (BOD) levels,
posing significant challenges to chemical treatment processes
that require additional oxidizing agents or biological treat-
ments while also disrupting the maintenance of appropriate
oxygen levels essential for biological treatment. Additionally,
FOG contributes to membrane fouling in processes like ultra-
filtration or reverse osmosis, leading to increased maintenance
needs and reduced system efficiency; the frequent use of
chemical cleaning agents can damage membranes and generate
toxic effluents. Treatment plants often grapple with excessive
foaming or floating scum caused by FOG, which is difficult to
manage chemically, as antifoaming agents may interfere with
other treatment processes. Moreover, FOG tends to form stable
emulsions that resist breakdown through simple chemical
treatments, whereas soap-like compounds and solid deposits
from FOG reactions can lead to scaling and clogging in pipes,
resulting in operational issues. Finally, chemical treatments
like chlorination or oxidation can generate toxic byproducts,
such as chlorinated hydrocarbons, further complicating the
treatment process, as the presence of surfactants in wastewater
increases the solubility of FOG, making its removal even more
challenging. The chemical interactions of oil with other water
contaminants, such as phosphates, sulfates, lead, arsenic,
suspended particles, chlorine, calcium, and magnesium, are
described in Table 2.

2.4 Factors influencing oil-water separation and treatment
in the oil industry

The effectiveness of oil-water separation and treatment in the
oil industry is influenced by various factors that affect the
overall performance of the separation processes. Additional
elements also impact the characteristics of oil-contaminated
water, such as water depth, sediment levels, wind and tidal
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activities, salinity, and water temperature. These factors play
a role in the extent of oil pollution and its consequences on
aquatic ecosystems.*” Oil contamination can also alter the
physical and mechanical properties of natural materials such as
loess, affecting compressive strength and geotechnical
behavior, particularly in regions heavily affected by oil spills,
such as during the Kuwait Gulf War.** Salinity is a critical
parameter in oil-contaminated water; it affects water density,
corrosiveness, and biological activity. High salinity levels can
complicate treatment processes and impact ecosystems where
contaminated water is discharged.* These factors are essential
for optimizing efficiency, effectiveness, and environmental
impact.

The properties and characteristics of oil-contaminated water
are significantly influenced by the type of oil present, the degree
of contamination, and the environmental conditions during
contamination. Key factors such as density and viscosity play
critical roles in the separation process;* lighter oils with lower
viscosities separate more easily from water than heavier, more
viscous oils. The stability of oil-water mixtures, which is
affected by emulsification, further complicates separation.
Compared with free oils, emulsified oils are particularly chal-
lenging to separate. Operating conditions, including tempera-
ture, flow rate, and pressure, also impact the efficiency of
separation processes. Variations in temperature can alter the
viscosity and density of both oil and water, whereas the flow rate
affects the residence time in separation equipment. Addition-
ally, changes in pressure can modify the phase behavior of oil-
water mixtures, especially in offshore or deep-water settings.
Chemical additives like demulsifiers are employed to break
down emulsions and promote the coalescence of oil droplets,
enhancing separation. Coagulants and flocculants aid in
aggregating smaller oil droplets into larger particles, which
improves the separation efficiency. Furthermore, the design
and selection of separation equipment, such as gravity separa-
tors, coalescers, centrifuges, and filters, are dependent on the
composition of the oil-water mixture, flow rate, and required
separation efficiency. The surface area available for oil-water
contact and the duration of that contact are also crucial design
considerations that significantly affect effective separation.

2.5 Consumption of oil

Oil consumption involves the use of petroleum products in
different areas, such as transportation, manufacturing, power
generation, and homes. The total annual consumption (1k
barrels per day) of oil in various countries from 2019 to 2023 is
shown in Table 3. Global oil consumption is on the rise,
particularly in emerging countries, as it serves as the main
energy source for vehicles and the production of various
industrial materials like plastics and chemicals. Although
attempts have been made to transition to renewable energy, oil
continues to be a primary source of energy. The oil industry is
mostly used by the transportation sector, especially for gasoline,
diesel, and jet fuel. In industry, oil serves as both a fuel and
a raw material for making chemicals, plastics, and synthetic
materials. In certain areas, oil is utilized for food and home

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Annual consumption (lk barrels per day) of oil in various
countries from 2019 to 2023 (ref. 46)

Year

Country 2023 2022 2021 2020 2019
United States 18984 18 862 18785 17183 19424
China 16 577 14970 14893 14 408 14 322
India 5446 5209 4798 4700 5150
Saudi Arabia 4052 3854 3610 3445 3642
Russia 3635 3615 3483 3294 3438
Japan 3366 3504 3339 3276 3692
South Korea 2797 2856 2816 2630 2789
Brazil 2567 2512 2394 2218 2361
Canada 2351 2312 2210 2124 2487
Mexico 1962 1931 1749 1601 1814
Germany 1955 2072 2042 2049 2270
Iran 1817 1853 1735 1700 1780
Indonesia 1604 1597 1461 1400 1582
Singapore 1359 1203 1248 1264 1312
France 1348 1360 1428 1306 1527
United Kingdom 1325 1309 1217 1184 1528
Spain 1228 1245 1156 1056 1287
Italy 1221 1236 1158 1039 1259
Thailand 1221 1221 1173 1158 1294
United Arab Emirates 1139 1110 990 904 960
Tiirkiye 1136 1072 1003 937 999
Australia 1056 999 941 916 1064
Malaysia 930 837 779 725 867
Iraq 875 825 700 622 756
Netherlands 850 827 845 846 888
Taiwan 840 888 990 947 987
Egypt 742 756 644 598 686
Poland 700 698 676 640 679
Argentina 690 723 632 504 567
Vietnam 602 534 470 506 599
Belgium 556 583 600 541 628
South Africa 522 512 502 465 567
Colombia 484 478 428 331 394
Philippines 471 451 410 378 460
Algeria 440 418 405 385 430
Chile 416 411 380 346 378
Kuwait 411 420 422 424 451
Venezuela 396 310 226 203 339
Pakistan 394 489 503 434 446
Qatar 370 360 313 289 367
Kazakhstan 349 323 328 302 345
Morocco 300 299 291 258 293
Greece 297 297 261 246 304
Ecuador 287 271 248 203 249
Peru 269 261 248 202 262
Hong Kong 268 214 255 284 408
Bangladesh 240 283 213 171 204
Sweden 240 240 248 255 292
Austria 234 234 239 231 266
Oman 233 226 200 176 217
Romania 223 224 217 205 221
Israel 223 226 209 199 231
Portugal 216 228 209 203 247
Norway 213 209 207 203 213
Ukraine 204 201 230 227 239
Switzerland 188 185 181 179 216
Hungary 167 172 175 161 176
Finland 164 179 168 178 199
New Zealand 157 147 147 148 179
Denmark 153 152 134 122 148

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 (Contd.)

Year
Country 2023 2022 2021 2020 2019
Belarus 148 147 159 167 174
Ireland 148 149 141 130 154
Turkmenistan 146 147 150 147 146
Azerbaijan 130 126 115 100 101
Uzbekistan 126 126 111 100 95
Sri Lanka 108 98 116 123 135
Bulgaria 106 107 100 95 105
Slovakia 88 88 87 83 83
Croatia 70 68 63 59 69
Lithuania 65 64 63 62 67
Cyprus 48 48 45 44 52
Luxembourg 47 48 53 49 61
Latvia 35 34 34 33 38
Slovenia 35 34 34 33 38
Trinidad and Tobago 33 32 24 24 24
Estonia 27 28 27 28 27
North Macedonia 24 24 22 20 22
Iceland 17 18 12 13 19

heating, although natural gas and electricity are commonly
favored options. Nevertheless, the substantial oil consumption
levels greatly contribute to carbon emissions, air pollution, and
environmental degradation, making it a crucial topic in
discussions about climate change. The usage of oil is also
impacted by changes in price, which can be influenced by
geopolitical events, interruptions in the supply chain, and
decisions about production made by major oil producers like
OPEC. As more nations embrace electric vehicles and sustain-
able energy sources, there may be changes in oil consumption
trends, but oil continues to play a vital role in the world's energy

supply.

2.6 Environmental and health effects

Oily wastewater poses significant environmental concerns
because of its hazardous components, such as phenols, petro-
leum hydrocarbons, and polycyclic aromatic hydrocarbons.
These substances can inhibit the growth of plants and animals
and present carcinogenic and mutagenic risks to humans.
Other contaminants include polyalphaolefin 6 (PAO-6), paraffin,
rapeseed oils, thermal aging products, wear debris, carbon
deposition, diesel oil, and water.*®* This type of wastewater
typically contains high concentrations of oil, along with
elevated levels of color and COD. Additionally, oil-contaminated
water is chemically reactive and undergoes transformations
that affect its properties and interactions with the environment.
The presence of oil in water complicates separation processes,
particularly with viscous oils, which can hinder the effectiveness
of separation materials.*"**

Research indicates that individuals living near oil spill sites
face various health risks, including psychological distress,
temporary irritation symptoms, increased cancer risk, and
genotoxicity (Fig. 5). For instance, Duane* studied the
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Fig. 5 Harmful impacts of oil spills on human health.

aftermath of the Exxon Valdez oil spill and reported significant
social unrest among the affected population. Similarly, Zock
et al.> reported that a rise in lower respiratory tract infections
correlated with prolonged exposure during the Prestige oil spill.
Following the Erika oil spill, Amat-Bronnert et al.** reported that
inhalation was the primary route of fuel gas absorption in
exposed individuals. Additionally, Lemiere et al.*> examined the
risks of genotoxicity in consumers of seafood from areas
contaminated with polycyclic aromatic hydrocarbons (PAHs)
during oil spills, highlighting the dangers of consuming oil-
contaminated food, which can lead to bioaccumulation and
DNA damage. Bro-Rasmussen® noted that toxic chemicals at
low concentrations may not be immediately lethal, but their
bioavailability can pose long-term risks as they persist in the
food chain. These findings underscore the need for effective
decontamination strategies for organisms affected by oil spills
to protect consumer health.

Currently, many sectors face the challenge of managing
substantial volumes of oily wastewater, which poses significant
risks to both the environment and public health.** Sectors,
including food processing, metalworking, dyeing, mining, and
chemical manufacturing, play major roles in releasing pollut-
ants into water sources, which adversely impact soil and water
quality throughout the entire ecosystem. Oily wastewater is
characterized by its significant oil concentration, strong color,
and increased COD.* In response to this environmental chal-
lenge, more rigorous regulations regarding wastewater disposal
are being enforced globally, turning industrial wastewater
treatment into a significant issue.’* The presence of oily
wastewater can affect multiple areas, such as the quality of

3698 | RSC Sustainability, 2025, 3, 3681-3723

drinking water, groundwater supplies, marine habitats, human
health, and agricultural output. Observing the level of oil in
water is essential because of its environmental effects and the
possible health hazards linked to pollution.

Different techniques for extracting oil from water, such as
dispersion and solidification, in situ burning, biological treat-
ment, and mechanical recovery, have been investigated.>*°
Although chemical methods typically require coagulants, they
may cause secondary pollution and waste resources.®* Biore-
mediation, while eco-friendly, faces challenges in terms of
efficiency for floating oils because of the strict growth require-
ments for organisms. Mechanical techniques, including oil
skimmers and barriers, demonstrate restricted effectiveness in
comprehensive recovery.®> Many researchers are concentrating
on oil absorbents as viable solutions because of their efficiency
and ecological sustainability.®® These absorbents include both
natural and synthetic substances, including activated carbon,
wool fibers, polyurethane, and magnetic materials. Notably,
lignocellulosic biomass absorbents exhibit high separation
efficiency and recyclability.®*** Their fibrous porous structure
and large surface area enhance oil/water separation. Each oil
spill remediation technology has its own strengths and limita-
tions, necessitating careful consideration of environmental and
economic factors.®*® Weather conditions also significantly
impact on the effectiveness of treatment methods, highlighting
the need for tailored approaches based on specific environ-
mental parameters (Fig. 6). In addition to preventive measures
for oil spills, researchers continue to seek effective cleanup
strategies, with absorbent materials emerging as a key focus for
oil spill remediation efforts.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3. Various approaches for analyzing
fat, oil, and grease (FOG) components
and their challenges

Different sectors have varying requirements for oil-in-water
testing. For instance, the petroleum industry typically
measures total oil and grease (TOG), whereas other industries
focus on FOG due to their potential to obstruct sewers. A variety
of techniques, such as gravimetry, titration, infrared spec-
trometry, gas chromatography (GC), colorimetry, and spectro-
fluorimetry, are employed for oil-in-water analysis.
Professionals involved in this measurement are well aware of
the challenges and complexities associated with the process.
Wastewater from diverse sources contains various hydrocar-
bons, each with distinct chemical compositions, making anal-
ysis challenging. Moreover, there are multiple methods for
determining the amount of oil in wastewater, each with its own
strengths and weaknesses. Despite their limitations, these
methods remain vital for oil-in-water analysis.*” Titration
methods, particularly modified methods using isopropyl
alcohol, have shown promise as a green alternative to toluene-
based methods, although they can be influenced by impuri-
ties such as soaps and detergents.®® Gravimetric analysis is
a reliable method for measuring FAs, as demonstrated by

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Influence of weather conditions and oil characteristics on the effectiveness of treatment technologies.

studies using dichloromethane and n-hexane extraction.®®”®
These techniques are commonly used in environmental studies
to assess the impact of oil spills on water bodies, as they allow
for precise measurements of oil concentrations in water
samples. This method separates oil from water on the basis of
their different densities, enabling the quantification of the oil
content.” While it provides accurate results through direct
mass measurement, it requires careful handling of solvents.
Spectrophotometry, including infrared (IR) spectroscopy, is fast
and requires minimal sample preparation, but its accuracy is
limited by the need for calibration and potential interference
from other compounds. Infrared spectroscopy has been applied
in various industries to monitor oil contamination levels in
water sources, providing valuable insights for pollution control
and remediation efforts. This type of spectrometry utilizes the
absorption of infrared light by oil molecules to identify the
presence of functional groups in oil-contaminated wastewater
samples, offering a rapid and nondestructive method for
analysis.”

Gas chromatography (GC) is a versatile technique widely
used in the oil and gas industries to analyze complex mixtures,
making it suitable for detecting trace amounts of oil in water
samples. GC separates oil components on the basis of their

different affinities to a stationary phase, enabling the
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Fig. 7 Analysis methods of FOG and their challenges.

identification and quantification of individual oil compounds
in water samples.” Electrochemical methods offer high sensi-
tivity but can be expensive and susceptible to interference from
other electroactive substances. Colorimetry has been employed
in regulatory settings to monitor oil and grease levels in
industrial discharges, ensuring compliance with environmental
standards. This method involves measuring color changes
produced when oil reacts with specific reagents, providing
a simple and cost-effective way to detect oil in water.” Gas
chromatography, especially after converting FAs to fatty acid
methyl esters (FAMEs), is widely used for its specificity and
ability to analyze FA composition quickly.”””” Alternative
methods such as high-performance liquid chromatography
(HPLC) and thin-layer chromatography (TLC) also have appli-
cations, particularly for qualitative analysis, although HPLC is
better for determining lipid concentrations.”®” Spectro-
fluorimetry is a sensitive method for detecting oil in water,
making it valuable for monitoring oil pollution in industrial
discharges.?*** This method utilizes the fluorescence properties
of oil molecules to detect and quantify oil in water samples,
providing high sensitivity and selectivity for oil detection. The
analysis methods of FOG and their associated challenges are
illustrated in Fig. 7. Overall, the choice of analytical method
depends on the specific components of FOG and the desired
accuracy and efficiency, with gravimetric and chromatographic
methods often being the most reliable for comprehensive
analysis.

4. Water treatment options

The process of treating wastewater polluted with OG resembles
that of treating household sewage, comprising several phases
aimed at gradually increasing water quality. The treatment of
oily wastewater is constantly developing to comply with envi-
ronmental regulations, regulatory requirements, and advance-
ments in technology.®® When choosing separation techniques
and processes, it is essential to consider their possible
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Risk of undesirable reactions at high temperatures.

interference from co-extracted compounds.

Specificity and sensitivity issues with common detectors.

Calibration with standards is essential.

environmental effects, including aspects such as energy
consumption, emissions, and waste generation. This procedure
generally comprises primary, secondary, and, if needed, tertiary
treatment stages, which are customized to target particular
traits of wastewater. Conventional techniques, including sedi-
mentation, filtration, and chemical coagulation, are frequently
employed to eliminate oil, suspended particles, and various
pollutants from wastewater. Nevertheless, more sophisticated
methods are increasingly being utilized to improve removal
effectiveness and generate superior quality treated water.®*
These methods include membrane filtration, adsorption via
activated carbon, and oxidation methods such as ozone or
ultraviolet treatment. Recycling and reusing water are increas-
ingly important practices in the oil industry to decrease fresh-
use, output, and mitigate
environmental effects. Treated wastewater is frequently redir-
ected for secondary uses such as irrigation, steam production,
or various industrial processes. The implementation of effective
wastewater treatment and recycling technologies is essential for
handling effluents from oil refineries and petrochemical facil-
ities.*® These advanced technologies offer significant benefits to
the petroleum industry by increasing water resource availability
through recycling, improving crude oil recovery, and reducing
environmental impact. Integrating the principles of recycling,
reuse, and reduction is essential for the design and operation of
future wastewater treatment facilities.

water minimize wastewater

4.1 Conventional treatment methods

4.1.1 Primary treatment. The initial step in treating oily
wastewater is primary treatment, which focuses on removing
free oils and larger particles. This stage is designed to effectively
eliminate oil droplets and suspended solid particles ranging
from 5 to 15 um in size. While it is not ideal for removing dis-
solved compounds, primary treatment utilizes physical
methods. Pollutants are separated from water through gravity
or density differences in large, specially constructed tanks.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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During this process, denser suspended solids and dispersed oil
settle to the bottom. This separation is often achieved using
gravity separation tanks, which can vary in design from tradi-
tional American Petroleum Institute (API) separators to parallel-
plate interceptors (PPIs). PPIs use inclined plates to enhance the
aggregation and rise of oil droplets. For wastewaters with a high
solid content, sedimentation can also be facilitated in these
tanks or through dedicated sedimentation tanks.***” Common
techniques used in primary treatment include hydrocyclones,
coagulation and flocculation methods, and API separators.
4.1.1.1 Gravitational separation. Gravity-based separation
methods are essential technologies in the oil industry for
extracting oil from wastewater. These methods offer straight-
forward approaches for oil-water separation and are applicable
to various scenarios and oil types. They operate on the principle
of gravity, utilizing the density differences between oil and
water. Gravity settlers function by allowing oil droplets to rise to
the surface, forming a distinct oil layer that can be skimmed off.
These methods are favored for their simplicity, reliability, and
cost-effectiveness in treating oil-contaminated wastewater,
thereby assisting in the protection of water resources and
ensuring compliance with environmental regulations.*®
Density-based separation methods hinge on the fact that oil is
less dense than water. When oily wastewater is allowed to settle,
the oil naturally rises to the surface, facilitating easier separa-
tion.* Gravity separation techniques can be divided into two
categories: those that do not use gas assistance and those that
rely on gas flotation. Non-gas flotation methods include sepa-
ration tanks and specific gravity separators. In these systems,
the input of oily water encounters a baffle that reduces turbu-
lence, allowing solids to settle and oil droplets to rise to the
surface.”® As the water moves toward the second chamber,
a second baffle prevents exit, allowing any remaining solids to
settle further. However, traditional gravity separation can be
impractical due to the need for large tanks and large water
volumes. High efficiency may require special conditions, such
as larger oil droplets or slower flow rates, which limit adapt-
ability®* (Fig. 8). The efficiency of gravity separation can be
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further augmented by methods such as dissolved air flotation
(DAF), centrifugation, bed coalescing, and heating. Addition-
ally, filtration techniques, including mesh and magnetic filters,
have shown promise in enhancing the removal of settleable
solids.

4.1.1.2 Hydrocyclones. Hydrocyclones are efficient separa-
tors that utilize centrifugal force to separate oil from water,
offering a space-saving design suitable for various industries.
The hydrocyclone consists of a cylindrical chamber connected
to a conical section, which flows directly to an outlet at the
bottom. When used for oil removal, oil droplets are expelled
through the overflow outlet, while the wastewater and solid
particles exit through the underflow. Conversely, if the goal is to
remove solid particles, they are directed to the underflow, and
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Fig. 9 Hydrocyclone mechanism.®*
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the treated water flows out through the overflow (Fig. 9). In the
case of a liquid-liquid hydrocyclone, several forces, including
the centrifugal force, buoyancy, fluid resistance, and Magnus
effect, play crucial roles in the migration of droplets. This
technology can significantly reduce oil concentrations from
200-2000 ppm down to 20-100 ppm, achieving nearly 100%
removal efficiency for oil droplets larger than 50 pm. However,
its effectiveness diminishes for droplets smaller than 5 pm.**
Efficiency depends on the design and operating parameters,
which require specific conditions. Structural modifications and
optimization operations may be necessary to ensure efficiency,
potentially increasing maintenance requirements.”*** While
hydrocyclones excel in terms of oil removal, they struggle to
eliminate phenol and aromatic compounds.® The maintenance
costs are low, and the energy consumption is relatively minor,
averaging approximately 0.3 kWh m >, Importantly, the treat-
ment process generates slurry. Depending on the specific model
used, hydrocyclones can effectively remove particles ranging
from 5 to 15 mm.**® Many exploration and production
companies have adopted this technology for OFPW treatment
due to its advantages, including the absence of chemical or
energy requirements for operation. Hydrocyclones do not
necessitate any pretreatment and are integrated into the treat-
ment stage. However, posttreatment may be necessary to elim-
inate the remaining constituents in OFPW. This method can
address TDS regardless of the type of salt or oil concentration,
and it can reduce oil levels to as low as 10 ppm while achieving
high water recovery rates. Typically, hydrocyclones are used in
conjunction with other treatment processes as a pretreatment
step.

4.1.1.3 Coagulation/flocculation. Coagulation is a process
designed to remove suspended particles from water by intro-
ducing chemical agents known as coagulants, such as
aluminum sulfate, ferric chloride, ferric sulfate, or various
polymers. These coagulants work by reducing the zeta potential
of colloidal systems, allowing the colloidal particles to clump
together under optimal stirring conditions. The soluble salts of
aluminum and iron dissociate into ions, creating cationic
species that interact with hydroxy groups to create colloids that
act as flocculants. Through electrostatic interactions, the
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suspended particles are attracted to the positively charged
surface of these colloids, resulting in the formation of larger
flakes that settle out of the water. In the subsequent flocculation
stage, particle agglomeration primarily occurs due to van der
Waals forces. Research has shown that at pH values between 6
and 9 and with concentrations of total suspended solids (TSS)
ranging from 100 to 1000 mg L™, the use of optimal low doses
of coagulants and flocculants can effectively reduce TSS levels
below regulatory discharge limits.”” Additionally, chitosan has
been highlighted as an effective agent for coagulation and
flocculation in treating OPW.*® Another study® recommended
the use of ferric sulfate combined with Klaraid CDP1326 as
a coagulant, along with polyacrylamide as a flocculant, which
achieved an oil removal efficiency of 84.4%. Ferric sulfate is
particularly effective at adsorbing oil and suspended solids
from produced water. Furthermore, Johnson et al.** demon-
strated the effectiveness of ferric chloride and polymers in
removing heavy metals such as copper, nickel, chromium, zinc,
lead, and TSS, achieving a remarkable 85% TSS removal rate.
While coagulation and flocculation are effective for reducing
TSS and oil droplets, they are not sufficient for the complete
treatment of OPW because of their limited capacity to remove
organic matter.'”" Additionally, this treatment method has
a relatively short operational lifespan and is best suited for
specific types of industrial wastewater. The energy consumption
involved is low, primarily due to the simplicity of the processes
and the equipment used.'**'** The typical mechanism involves
destabilizing suspended particles to facilitate the growth of
colloidal particles, followed by the aggregation and adsorption
of these particles into flocs (Fig. 10). Energy consumption may
vary on the basis of the treatment facility, as some operations,
especially those using mechanical mixers or gas bubbles, may
demand higher energy input. It is estimated that approximately
40% of sludge settling can be achieved following treatment.
4.1.1.4 API separator. The API separator, developed in the
1950s, is a classic example of this design. It features a straight-
forward rectangular channel equipped with an oil skimmer and
a sludge pump. Its design limits the horizontal water velocity to
3 ft min~" (1.5 cm s '), which helps maintain a low surface
loading rate (flow rate per surface area), enhancing the oil
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Fig. 10 Coagulation/flocculation mechanisms.*°*

3702 | RSC Sustainability, 2025, 3, 3681-3723

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00403a

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 06 &gust 2025. Downloaded on 20.5.2026 11:49:51.

(cc)

Critical Review

Diffusion  Optional Conveyor

Optional Surface

View Article Online

RSC Sustainability

Underflow

Wall Vapor Cover Direction Skimmer Baffle
Optional
Inlet Pipe Skimmer —\
. i R P e | \1 P (O {

N |-

]

Sludge Removal Pipe
or Optional Screw Conveyor

Fig. 11 API oil-water separator.*®”

removal efficiency. Any oil droplet with a rise rate greater than
this surface loading rate can reach the top of the separator to be
skimmed off. The rate of increase in the number of oil droplets
is influenced by several factors, notably differential density and
viscosity. When the specific gravities of oil and water are
similar, the separation process slows down, and a higher
viscosity also reduces the rise rate. One way to improve this
separation is by increasing the temperature, which decreases
the viscosity. Additionally, the use of different separator designs
can enhance efficiency. In some cases, larger surface areas are
necessary to achieve the desired removal rates, which can be
impractical with traditional rectangular configurations. To
address this, plate separators have been developed. These
separators incorporate inclined plates within the reactor,
increasing the surface area without increasing the reactor's
footprint. In a PPI, plates are positioned at angles between 45
and 60° and spaced 0.75-1.5 inches (2-4 cm) apart. Research by
Das and Biswas'® indicated that a baffled separator with 4 cm
spacing at a 45° angle was optimal for separating a 5% diesel
oil-water mixture. The arrangement of parallel plates facilitates
the collision of oil droplets with solid surfaces, promoting
coalescence, which increases the droplet size and accelerates
separation. Coalescence can be further enhanced by the use of
corrugated plates, leading to the development of corrugated
plate interceptors (CPIs). Both the PPI and CPI units offer
significant advantages over traditional API separators, primarily
through improved efficiency within a smaller space. According
to API standards, plate separators can manage flow rates two to
three times higher than traditional units and can effectively
remove oil droplets as small as 60 pm, achieving OG concen-
trations as low as 50 mg L. In contrast, traditional separators
typically target droplets above 150 um and reduce the concen-
tration of OG to 100 mg L™'. API oil-water separators are
popular for their cost-effectiveness, minimal maintenance, and
high efficiency as primary treatment solutions. These separa-
tors operate on the principle of specific gravity differences,
allowing heavier materials to settle while lighter hydrocarbons
float to the surface (Fig. 11). This gravity separation process can
effectively reduce the amount of suspended solids by up to
60%.'% They consume minimal energy and have a long lifespan.
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However, they do generate sludge at the bottom during treat-
ment, which needs to be periodically removed. Overall, API
separators require very little maintenance and are energy
efficient.

4.1.2 Secondary treatment. As discussed in the previous
section, the removal of free oil and grease is relatively
straightforward once the physical forces acting on the oil
droplets are understood. However, the greater challenge lies in
eliminating the remaining oil, which exists as very small drop-
lets stabilized by interparticle forces or surface-active agents.
This stable form of OG is commonly found in industrial
wastewater and requires secondary treatment, as gravity sepa-
ration alone is insufficient. Chemical methods for secondary
treatment involve adding a reagent to facilitate the removal of
OG through a chemical process. In the secondary treatment
phase, the goal is to remove emulsified oil, which is not easily
separated by gravity. This phase aims to increase effluent purity
by removing approximately 90% of the oil and soluble organic
matter that primary treatment may not eliminate.'®® Various
methods are employed to break the oil-water emulsion,
including flotation, adsorption, and activated sludge processes.

4.1.2.1 Flotation. Flotation is a process that is effective for
removing emulsified-oil droplets through separation via
adherence to rising air bubbles. In a flotation tank, gas bubbles
are injected into the OPW, creating an aerated solution in which
oil droplets and other suspended particles attach to the
bubbles. This process leads to the formation of foam on the

Contaminants
Produced

Fig. 12 Flotation mechanism.°®
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water surface, which can then be skimmed off. The buoyancy
difference is enhanced by the presence of small air bubbles
(Fig. 12). The separation of oil and water through flotation relies
on Stokes' law, which describes the velocity of rising oil droplets
as follows:

,— 2 Rpy = o)

9 u
In this equation, v represents the velocity of the rising oil
droplets, R is their radius, p,, is the density of water, p, is the
density of the oil, and u is the viscosity of the water. Larger oil
droplets rise faster, and a greater difference in density along
with lower water viscosity enhances this vertical movement,
facilitating the separation process.

Research™’ has demonstrated that gas flotation can reduce
the oil concentration from 1000 ppm to just 10 ppm. Increasing
the collision and adhesion of gas bubbles enhances the sepa-
ration efficiency. Moosai & Dawe™'* also utilized gas flotation to
effectively control turbidity in OPW, achieving oil concentra-
tions below 40 mg L™". Eftekhardadkhah et al.** reported that
the removal efficiency of three types of oil in produced water
was lower because of insufficient pressure in the gas saturation
vessel. However, increasing the pressure improved the removal
efficiency. While flotation is an efficient method for extracting
oil from produced water, it has several drawbacks. The process
requires significant energy for pressurization to ensure effective
gas circulation, leading to high power consumption. Addition-
ally, the sludge generated from the flotation process necessi-
tates removal and proper disposal.**?

4.1.2.2 Adsorption. Adsorption is a widely favored tech-
nology for removing heavy metals from OPW."** This process is
a surface phenomenon driven by interactions between the
adsorbent surface, the solvent, and the dissolved contaminants
in the water. As fluids flow, these contaminants adhere to the
solid surfaces of the adsorbents. Various materials with unique
properties have been employed as adsorbents, capitalizing on
their ability to selectively concentrate specific substances from
produced water. Sorbents selectively adsorb oil for targeted
separation, and many are reusable, promoting sustainability.
Versatile materials can be modified for specific applications.
However, sorbents have limited capacity, necessitating their
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Fig. 13 Adsorption of heavy metals by a nanoporous adsorbent.2°
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replacement or regeneration. Choosing the right material is
crucial, as not all materials are suitable for every application.
High-performance options can be costly, affecting overall cost-
effectiveness. Additionally, the handling of sorbent material
after use poses a challenge."”* Notably, an effective adsorbent
should have a strong affinity for the target compounds and
facilitate maximum removal at a low cost."*® For instance, Qu
et al.'” reported that using activated carbon allowed for the
simultaneous removal of 69% cadmium and 60.3% phenol
from wastewater within 60 minutes, indicating that the adsor-
bent's affinity significantly influences the pollutant removal
rate. Okiel et al.**® has demonstrated that bentonite enhances
the oil removal efficiency when larger quantities of adsorbent
are utilized and the contact time is extended. Additionally,
Hegazi'*’ noted the effectiveness of rice husk as an adsorbent
for extracting heavy metals such as iron, lead, cadmium, and
copper, with the removal rate influenced by the amount of
adsorbent used (Fig. 13). However, a key limitation of adsorp-
tion technology is that suspended particles can clog the adsor-
bent media, reduce efficiency and increase costs, necessitating
the pretreatment of water. Despite this, adsorption can achieve
approximately 80% water recovery and is applicable to various
types of OPW.

Different adsorbents can effectively retain both aromatic and
polyaromatic organic compounds. A study using granular acti-
vated carbon (GAC) revealed significant removal of phenan-
threne, acenaphthylene, fluorene, acenaphthene, and
naphthalene under optimal conditions with 0.5 g of GAC."* In
the Niger Delta region, researchers'** explored the removal of
heavy metals, such as zinc, sodium, and potassium, from OPW
via various adsorbents, including activated carbon and sawdust.
Their results indicated that increasing the adsorbent dosage
from 4.5 to 6 g led to a reduction of more than 60% in the
concentrations of