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Abstract
Oily wastewater consists of fats, oils and greases together with a broad spectrum of dissolved organic and/or inorganic sub-
stances in suspension. It is regarded as one of the most hazardous wastewaters, causing serious environmental and health 
threats to the ecosystems, flora and fauna. The global increase in the discharge of oily wastewater coupled with stringent 
regulations for effluent discharge and incessant drive for re-use of treated wastewater necessitate the need for treatment of 
the wastewater. Conventional approaches employed in the past are inept for oily wastewater treatment due to low treatment 
efficiency and high operational costs, among others, hence the need for adoption of advanced technologies as promising 
alternatives to existing treatment systems for oily wastewater. Furthermore, the use of combined treatment processes is 
effective for the removal of hazardous pollutants present in high-strength oily wastewater. This review provides insights into 
advanced and emerging state-of-the-art technologies for safe and efficient treatment of industrial oily wastewater.
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Introduction

Oily wastewater is defined as a wastewater that consists of 
fats, oils and greases coupled with a variety of dissolved 
substances (organic and/or inorganic) in suspension at high 
concentrations (Adetunji and Olaniran 2018; Wei et  al. 
2020). Oil-contaminated wastewater is produced from vari-
ous industries including metal processing industries, restau-
rants, slaughterhouses, dairy industries, poultry processing 
industries, edible oil refineries, petrochemical industries, 
tannery industries, etc. (Adetunji 2017; Sungur and Özkan 
2017; Adetunji and Olaniran 2018; Kuyukina et al. 2020; 
Sanghamitra et al. 2021) (Fig. 1). It is characterized by high 
biochemical oxygen demand (BOD), total suspended sol-
ids (TSS), chemical oxygen demand (COD), ammonia, sul-
phides, total organic carbon, total petroleum hydrocarbon 
(TPH) and other toxic compounds, based on the operations 
and products from the producing industries (Al Zarooni and 
Elshorbagy 2006; Diyauddeen et al. 2011; Tobiszewski et al. 

2012; Rahi et al. 2021) and (Table 1). It occurs as unstable/
highly stable oil–water emulsions or as free-floating oil, 
which are difficult to treat (Chen et al. 2000; Hanafy and 
Nabih 2007; Awaleh and Soubaneh 2014). 

The production and discharge of raw and inadequately 
treated oily wastewater increase yearly owing to brisk urban-
ization and industrial growth (Affandi et al. 2014; Kuyukina 
et al. 2020). The oily wastewater-producing industries make 
use of huge volume of water for different operations (such as 
equipment and washing facilities, product production), lead-
ing to the generation of large amounts of wastewater with 
consequential upsurge in disposal and harsh pollution prob-
lems, thus resulting in environmental risks and hindering the 
normal operations of the ecosystems (Porwal et al. 2015).

Owing to strict policies for effluent discharge and incessant 
desire for re-use of treated water, treatment of oily wastewater 
has become imperative (Qin et al. 2007; Kuyukina et al. 2020). 
Factors such as wastewater composition (high, medium, or low 
strength), regulatory limitations, costs, treatment efficiency 
and end use of wastewater affect the selection of techniques 
for treatment of oily wastewater (Rajasulochana and Preethy 
2016). Methods such as flotation, chemical coagulation, grav-
ity separation and sedimentation are traditional approaches 
for the treatment of oily wastewater (Abuhasel et al. 2021). 
However, these techniques are insufficient due to operational 
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difficulties, high operational costs, release of secondary pollut-
ants and low treatment efficiency (Guolin et al. 2011; Yu et al. 
2017; Han et al. 2019). Advanced technologies are effective 
for oily wastewater treatment (Fig. 2). Therefore, this review 
elucidates emerging treatment approaches for efficient, sus-
tainable, cost-effective and eco-friendly removal of hazardous 
pollutants from industrial oily wastewater.

Environmental and health impacts of oily 
wastewater

Oil-contaminated wastewater is regarded as one of the 
most potent and hazardous wastewater to the environments 
by the United States Environmental Protection Agency 

Fig. 1   Schematic illustration 
showing various sources of oily 
wastewater

Oily wastewater sources Poultry processing 
industries

Metal processing 
industries

Edible oil 
refineries

Petrochemical 
industries

Dairy 
industries

Leather industries

Restaurants

Slaughterhouses

Table 1   Pollutant load of oily wastewater from some selected sources

ND Not detected, TOC Total organic carbon, TN Total nitrogen, TP Total phosphorus 

Oily wastewa-
ter source

O & G con-
tent (mg/L)

BOD5 (mg/L) COD (mg/L) TOC (mg/L) TSS (mg/L) TDS (mg/L) TN (mg/L) TP (mg/L) Reference

Dairy waste-
water

53,367 691 5693 ND 2333 5700 129 27.2 Adetunji and 
Olaniran 
(2018)

Poultry 
processing 
wastewater

88,900 707 7518 ND 4667 807,000 79 24.3 Adetunji and 
Olaniran 
(2018)

Abattoir 
wastewater

2500 – 1367 ND 2822 ND ND ND Osibanjo and 
Adie (2007)

Petrochemi-
cal industry 
wastewater

1525 338.5 25,660 ND ND ND 2024 24.6 Wei et al. 
(2020)

Tannery 
industry 
wastewater

410 400 6200 ND 18,160 ND ND ND Sungur and 
Özkan 
(2017)

Edible oil 
industry 
wastewater

375 1932 12,880 ND 2850 ND 1261 583 Aslan et al. 
(2009)
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(USEPA) (USEPA 2004). The untreated and poorly treated 
oily wastewater, when improperly discharged, poses severe 
risks to the immediate environments by causing air pol-
lution and contamination of surface and underground 
water (Shete and Shinkar 2013; Ibrahim et  al. 2017). 
High-strength oily wastewater release into water bodies 
results in excessive consumption of dissolved oxygen 
by microorganisms (Attiogbe et al. 2007; Yazdan et al. 
2020). This oxidizes the wastewater, thereby depleting 
the amount of oxygen needed for aerobic processes (Abd 
El-Gawad 2014). The presence of nitrogen and sulphur-
containing compounds such as ammonia and hydrogen 
sulphide, respectively, in oily wastewater causes toxic 
effects on aquatic ecosystems. They reduce the dissolved 
oxygen content of water bodies to levels inadequate for 
the survival of aquatic organisms (Poulton et al. 2002; 
Seveso et al. 2021). When the dissolved oxygen threshold 
limit is below 2 mg/L, this eventually results in mass death 
of aquatic organisms (Attiogbe et al. 2007). The viscous 
nature of oil and grease (O & G) in the wastewater causes 
blockage of drainage and sewer lines, which eventually 
corrode the sewer lines and generate obnoxious odor and 
unsightly appearance on the surface of receiving water 
bodies (Xu and Zhu 2004; Madaki and Seng 2013; He 
et al. 2015). Nutrients including nitrogen and phosphorus 
present in oily wastewater lead to eutrophication of receiv-
ing water bodies (Kushwaha and Srivastava 2011; Lürling 
and Mucci 2020). The presence of high suspended solids 
(SS) in oily wastewater slows down degradation rate and 
results in scum layer formation (Hejnfelt and Angelidaki 
2009). In addition, phenolic compound-containing oily 
wastewater is toxic and carcinogenic and thus causes dam-
age to the ecosystem in water bodies with resultant effects 
on humans (Lathasree et al. 2004; Pardeshi and Patil 2008; 
Yang et al. 2008; Abdelwahab et al. 2009; Mearns et al. 

2020). In the agricultural sector, discharge of oily waste-
water transforms the physico-chemical properties of the 
soil by adversely affecting its morphology, water absorp-
tion capacity and lessen the soil hygroscopic moisture and 
hydraulic conductivity (Trofimov and Rozanova 2003; 
Suleimanov et al. 2005; Robertson et al. 2007). This inhib-
its seed germination and permits plants’ access to fewer 
nutrients, which ultimately results in limited plant growth 
(Al-Mutairi et al. 2008; Sutton et al. 2013).

Advanced technologies for oily wastewater 
treatment

Microbial bioremediation technology

Bioremediation is an emerging and state-of-the-art technol-
ogy that employs metabolic potential of microorganisms for 
the removal of hazardous pollutants from oily wastewater 
under aerobic or anaerobic conditions, or a cocktail of both 
through complete degradation or sequestration (Chavan and 
Mukherji 2008; Chen et al. 2019; Sayed et al. 2021). The 
microbes use the pollutants as carbon source and convert 
them into innocuous products through secretion of suitable 
metabolites (Ławniczak et al. 2020; Yu et al. 2020; Ade-
tunji and Olaniran 2021). The microbial activity depends 
on parameters such as temperature, pH, toxic elements, 
presence or absence of oxygen, moisture, redox potential, 
retention times and organic contents. Bioremediation is a 
preferred method nowadays when compared to other tech-
nologies for oily wastewater treatment owing to its cost-
effectiveness, eco-friendliness and sustainability (Wu et al. 
2009; Khalid et al. 2021). However, biological treatment 
methods are faced with inability to remove sludge, pro-
longed treatment time and need for extensive land area for 

Fig. 2   Schematic diagram 
depicting advanced technologies 
for the treatment of industrial 
oily wastewater
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treatment processes (Chopra et al. 2011). The performance 
of biological methods in the removal of pollutants from oily 
wastewater is illustrated in Table 2 and discussed in detail 
below:

Batch biodegradation of oily 
wastewater using single or consortium 
of microorganisms

Batch biodegradation process offers an efficient approach at 
shorter hydraulic retention time (HRT) for the treatment of 
oily wastewater (Agamuthu 1995; Nzila et al. 2017). Oswal 
et al. (2002) used hydrocarbon-degrading Yarrowia lipol-
ytica NCIM 3589 for the treatment of palm oil mill effluent 
(POME). Results indicated COD reduction of about 95% at 
short HRT of 2 d. Similar results were reported by Karim 
and Kamil (1989) after 10–14-d degradation when using 
Trichoderma viride for the treatment of POME. Bhattacha-
rya et al. (2015) investigated degradation of oil (waste engine 
oil and waste transformer oil)-contaminated site by an exotic 
Ochrobactrum sp. C1 isolated from steel plant effluent area 
in Burnpur, India. Degradation efficiencies of 48.5 ± 0.5% 
(waste engine oil) and 30.47 ± 0.25% (waste transformer oil) 
were recorded within 7 d. Azhdarpoor et al. (2014) investi-
gated the treatment of oily wastewater using Pseudomonas 
sp. isolated from compost fertilizer. Oil removal efficiency 
of over 95 ± 1.5% was reported at a concentration below 

8.4 g/L. At oil concentration of 22 g/L, there was reduction 
(85 ± 2.5%) in oil removal efficiency at retention time of 
44 h. De Felice et al. (2004) treated olive oil mill processing 
wastewater using Yarrowia lipolytica ATCC 20,255 under 
batch culture conditions. The yeast was capable of reducing 
COD by 80% in 24 h.

Bioaugmentation with a consortium of microorganisms 
is an effective approach for the removal of pollutants pre-
sent in oily wastewater (Corti-Monzόn et al. 2020; Ke et al. 
2021). Shokrollahzadeh et al. (2008) treated oily wastewa-
ter in an activated sludge inoculated with a consortium of 
microorganisms consisting of 67 bacterial strains from Aci-
netobacter, Pseudomonas, Comamonas, Flavobacterium, 
Cytophaga, Sphingomonas, Acidovorax, and Bacillus genera 
and one mold species, Trichoderma sp. Removal efficien-
cies (80%, 92%, 99% and 89%) of total hydrocarbon, vinyl 
chloride, ethylene dichloride and COD, respectively, were 
reported. Bala et al. (2015) studied the reduction of organic 
load from palm oil mill effluent (POME) using mixed cul-
tures of Micrococcus luteus 101 PB, Stenotrophomonas 
maltophila 102 PB, Bacillus cereus 103 PB, Providentia ver-
micola 104 PB, Klebsiella pneumoniae 105 PB and Bacil-
lus subtilis 106 PB. The consortia organisms, especially 
Bacillus cereus 103 PB and Bacillus subtilis 106 PB dem-
onstrated highest COD (90.64%) and BOD (93.11%) reduc-
tion efficiencies. Affandi et al. (2014) studied the potential of 
O&G-degrading bacteria: Serratia marcescens EU555434, 
Aeromonas hydrophila KF049214 and Bacillus cereus 

Table 2   Efficiencies of bioremediation in the removal of pollutants from oily wastewater

Oily wastewater type Inoculum Treatment effect (Removal effi-
ciency)

Reference

Oilfield wastewater Polyammoniacum-immobilized 
B350M and B350

78% TOC, 94% oil by B350M;64% 
TOC, 86% oil by B350

Zhao et al. (2006)

Oilfield-produced water PVA-immobilized Bacillus sp. M-12 90% COD Li et al. (2005)
Synthetic and carwash wastewaters Chitosan-immobilized Sphingobium 

sp. P2
80 − 90% TPH, 73 ± 11% COD Khondee et al. (2012)

Oily bilge water Polyurethane foam-immobilized 
Gordonia sp. JC 11

40–50% lubricant Chanthamalee et al. (2013)

Synthetic oily wastewater Polyethylene plastic pellet-immo-
bilized Pseudoxanthomanas sp. 
RN 402

89% diesel; 83% crude oil; 92% 
n-tetradecane; 65% n-hexadecane

Nopcharoenkul et al. (2013)

Engine oil wastewater Ochrobactrum sp. C1 57% oil Bhattacharya et al. (2015)
Synthetic oily wastewater Pseudomonas sp. 95 ± 1.5% oil Azhdarpoor et al. (2014)
Olive oil mill processing wastewater Yarrowia lipolytica ATCC 20,255 80% oil De Felice et al. (2004)
Olive mill wastewater Trichosporon cutaneum, Geotrichum 

candidum
88% COD, 64% phenolic com-

pounds by Trichosporon cutaneum; 
77% COD, 47% color by Geotri-
chum candidum

Dragicevic et al. (2010)

Food processing wastewater, electric 
and electronic industry wastewater 
and POME

Serratia marcescens EU555434, 
Aeromonas hydrophila KF049214, 
Bacillus cereus KJ605415

91% O&G by Serratia marcescens; 
100% O&G by Bacillus cereus; 
100% O&G by Aeromonas 
hydrophila

Affandi et al. (2014)
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KJ605415 isolated from food processing and electrical and 
electronic industries as well as from POMEs, respectively, 
for the treatment of respective high-strength oily wastewa-
ter. Maximum O&G degradation (91%) was demonstrated 
by Serratia marcescens within 12 d of incubation at initial 
organic loading rate (OLR) of 1.46 × 10–1 kg O&G L−1 d−1. 
Bacillus cereus recorded 100% of POME (3012 mg/L O&G) 
degradation within 7 d of incubation. Similarly, Aeromonas 
hydrophila recorded 100% of O&G (4.88 mg/L) degrada-
tion from electrical and electronic wastewater after 2-h 
incubation.

Aerobic bioreactor technology for oily 
wastewater treatment

Bioreactor technology is employed for the treatment of oily 
wastewater owing to its ability to permit steady and flex-
ible operational conditions, high biomass retention times, 
tolerance to toxic and recalcitrant pollutants, high micro-
bial growth and organic carbon oxidation rates as well as 
enhanced process performance (Hamoda and Al-Ghusain 
1998; Galvez et al. 2003; Rodgers et al. 2003; Kuyukina 
et al. 2020). Vendramel et al. (2015) treated high-strength 
petroleum refinery wastewater using an aerobic submerged 
fixed-bed reactor. There was effective removal of COD 
(91%), dissolved organic carbon (DOC) (90%), TSS (92%), 
ammonium (90%), average polysaccharide/volatile attached 
solids (6%) while proteins/volatile attached solids were 
found to be 6% and 50%, respectively, within 250 d of exper-
imental runs. Izanloo et al. (2007) treated crude oil-contain-
ing wastewater using an aerated submerged fixed-film reac-
tor consisting of Bee-Cell 2000 as support media. Results 
indicated removal efficiencies of 70.87–93.12% COD in the 
OLR ranged between 1.310 and 15.797 g COD/m/day. Xie 
et al. (2007) studied the treatment of moderately polluted 
wastewater from an oil refinery using a small-scale fixed 
film BAF process. Removal efficiencies of COD (84.5%), 
oil pollutants (94%) and SS (83.4%) at effluent concentra-
tions of 12.5 mg/L, 0.27 mg/L and 14.5 mg/L for COD, 
oil pollutants and SS, respectively, under optimal operating 
conditions of HRT (1.0 h), air/water volume flow ratio (5:1) 
and backwashing cycle (every 4–7 d) were reported.

Malakahmad et al. (2011) assessed the performance of 
a laboratory-scale sequencing batch reactor (SBR) for the 
treatment of synthetic oily wastewater rich in mercury and 
cadmium. Removal efficiencies of 88.3% and 97.4% were 
reported for mercury (9.03 ± 0.02  mg/L) and cadmium 
(15.52 ± 0.02 mg/L), respectively. This is similar to the find-
ings of Hudson et al. (2001), where a COD removal of 93% 
was achieved at HRT of 53 h. Chan et al. (2010) investi-
gated aerobic treatment of POME using SBR. Performance 
of the SBR was assessed by measuring COD, BOD, TSS 

removal and sludge volume index. Results showed maxi-
mum COD (95–96%), BOD (97–98%) and TSS (98–99%) 
removal efficiencies at optimum OLR, sludge loading 
rate and mixed liquor volatile suspended solid concentra-
tions of 1.8–4.2 kgCOD/m3 d, 2.5–4.6 kg TSS/m3 d and 
22,000–25,000 mg/L, respectively.

Bioreactors for oily wastewater treatment 
using immobilized microorganisms

Immobilization of microorganisms in a suitable matrix is a 
very useful and alternative approach for the remediation of 
heavy oil-polluted wastewater (Adetunji and Olaniran 2018). 
It ameliorates wastewater treatment efficiency and further 
enhances recovery and reusability of the immobilized cells, 
hence reducing overall costs (Suryanti et al. 2017; Adetunji 
and Olaniran 2018). In addition, the support materials pro-
tect the organisms from harsh environmental conditions, 
including extreme pollutant concentrations and mechanical 
stress (Lee et al. 2017). This further increases survival rate 
and biodegradability of the immobilized cells when com-
pared to free cells (Chavan and Mukherji 2008; Tyagi et al. 
2011).

Pretreatment of oily wastewater by a couple of biologi-
cal aerated filter (BAF) reactors run for 142 d at HRT of 
4  h with a collection of immobilized microorganisms, 
B350M and B350 has been investigated (Zhao et al. 2006). 
The immobilized organisms were efficient in treating the 
organic compound-containing oily wastewater. Immobilized 
B350M had mean total organic carbon (TOC) and oil deg-
radation potentials of 78% and 94%, respectively, whereas 
B350 degraded TOC (64%) and oil (86%). In another study, 
removal of COD from oilfield-produced water was investi-
gated using Bacillus sp. (M-12) immobilized on polyvinyl 
alcohol (PVA) (Li et al. 2005). Results indicated more than 
90% COD removal efficiency at initial COD of 2600 mg/L. 
Khondee et al. (2012) used airlift bioreactor comprising 
chitosan-immobilized Sphingobium sp. P2 for the treatment 
of lubricant-rich wastewater. Immobilized bacteria (4 g/L) 
were effective in removing 85 ± 5% TPH and 73 ± 11% 
COD from carwash wastewater containing 25–200 mg/L 
lubricant at HRT of 2 h within 70 d. However, in a semi-
continuous batch experiment, the immobilized bacteria had 
a removal efficiency of 80–90% of TPH (200 mg/L). Chan-
thamalee et al. (2013) treated oily bilge from small fishing 
vessels using polyurethane foam-immobilized Gordonia 
sp. JC11. The immobilized bacteria were found to be effec-
tive in removing 40–50% of boat lubricant (< 1000 mg/L). 
Nopcharoenkul et al. (2013) used immobilized Pseudoxan-
thomonas sp. RN402 for the degradation of diesel-, crude 
oil-, n-tetradecane- and n-hexadecane-contaminated sites. 
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Effective removal of diesel (89%), crude oil (83%), n-tetra-
decane (92%) and n-hexadecane (65%) was recorded.

Anaerobic bioreactors for oily wastewater 
treatment

Bioremediation under anaerobic condition in a bioreactor 
is effective for treatment of high-strength oily wastewater 
(Mainardis et al. 2020). It saves energy required for aera-
tion; converts pollutants into methane gas; requires low 
nutrients cost-effective; and produces less sludge & bio-
mass (Chowdhury et al. 2010). However, sludge flotation/
washout and adsorption of O&G on the sludge surface may 
decrease the efficiency of anaerobic oily wastewater treat-
ment (Rinzema et al. 1994; Hwu et al. 1996, 1998; Pereira 
et al. 2003; Shende and Pophali 2020).

Rastegar et  al. (2011) employed up-flow anaerobic 
sludge blanket (UASB) bioreactor for the optimiza-
tion of oily wastewater treatment. COD removal of 81% 
was achieved at HRT of 48 h. The production of biogas 
increased as the HRT increases, yielding 559 ml/h at HRT 
of 40 h and COD (influent) of 1000 mg/L. At optimum 
influent COD (630 mg/L), up-flow velocity (0.27 m/h) and 
HRT (21.4 h), COD removal of 76.3% and biogas produc-
tion of 0.25 L/feed were reported. Palenzuela-Rollon et al. 
(2002) investigated the performance of UASB for the treat-
ment of mixed sardine and tuna canning effluent consisting 
of varying lipids contents. Results showed approximately 
78 ± 8% COD removal and 61 ± 17% COD conversion to 
methane at OLR of 2.3 g COD/L.d and HRT of 7.2 ± 2.8 h.

Up-flow anaerobic sludge fixed film (UASFF) reactor is 
an amalgamation of UASB reactor and immobilized cell 
or fixed film reactor. It is designed to curb challenges such 
as prolonged formation of granule sludge encountered by 
UASB reactor. Emadian et al. (2015) studied the treatment 
of low-strength bilge water obtained from Caspian Sea 
Ships using UASFF reactor under varying HRTs (8 h and 
10 h) and OLR (0.12–0.6 g/COD/L.d). Results demon-
strated removal efficiencies of 75% (COD) and 99% (TSS) 
at HRT (8 h) and OLR (0.6 g COD/L.d). In addition, a 
significant reduction in effluent oil concentration, found to 
be lower than the international maritime organization dis-
charge limit standards (15 ppm), was reported. Lopez et al. 
(2014) studied anaerobic digestion of wastewater separated 
from grease trap waste in biochar packed up-flow column 
reactors. There was reduction in COD (95%) coupled with 
increased methane headspace concentrations (60–80%) 
along with conversion (90%) of FOG to biodiesel.

Hybrid technology of different anaerobic systems in 
a bioreactor provides good process efficiency and stabil-
ity. Treatment of heavy oily wastewater by a combina-
tion of UASB reactor and a two-stage BAF system has 

been investigated (Zou 2015). Removal of COD (90.2%), 
ammonia nitrogen (90.8%), oil (86.5%) and polyaromatic 
hydrocarbons (PAHs) (89.4%) was reported during 180-d 
study period. Liu et al. (2013) treated high-strength oily 
wastewater using a combination of UASB and immobi-
lized BAFs. Results demonstrated removal of COD (74%), 
ammonia nitrogen (94%) and SS (98%) during 252 d of 
operation. El-Goharyet al. (2009) investigated the effi-
cacy of classical and hybrid UASB for anaerobic treat-
ment of catalytically oxidized olive oil mill wastewater 
(OMW) collected from a local olive oil production factory 
in Egypt. Results indicated removal efficiencies of COD 
total (83%), BOD5 total (84%), TOC (81%), volatile fatty 
acid (93%) and O & G (81%) at HRT of 48 h and OLR 
of 2.0 kg COD/m3. The hybrid UASB produced a better 
effluent quality when compared to classical type. This was 
due to the availability of packing curtain sponge which 
reduced SS washout in hybrid UASB.

Membrane bioreactors (MBRs) for oily 
wastewater treatment

Membrane bioreactor involves a combination of biological 
reactor and membrane technology for the effective removal 
of pollutants in oily wastewater (Fazal et al. 2015). It is an 
innovative and promising approach for wastewater treat-
ment and reuse (Guo et al. 2008). It is simple, efficient and 
requires little space and modest technical support (DiGiano 
2004; Sharghi et al. 2020). However, membrane fouling and 
high operational costs remain the ultimate challenges (Guo 
et al. 2008).

Soltani et al. (2010) used MBR to treat oily wastewa-
ter. Degradation of hydrocarbons, hexadecane and phenan-
threne in the presence of salts at HRT of less than 15 h was 
as a result of activity of bacteria domiciled in the reactor. 
Pendashteh et al. (2012) investigated the effectiveness of 
a MBR in the treatment of oily wastewater. Results indi-
cated a recovery of COD (97.5%), TOC (97.2%) and O&G 
(98.9%) from the wastewater. In contrast, the real produced 
water yielded COD (86.2%), TOC (90.8%) and O&G (90%). 
In addition, at peak total dissolved solids (TDS) (250, 
000 mg/L), a drastic reduction in COD removal from syn-
thetic and real wastewaters by 90.4% and 17.7%, respec-
tively, was recorded.

Bienati et al. (2008) employed submerged MBR for the 
treatment of oily wastewater using microfiltration hollow 
fiber membranes. The oily wastewater had hydrocarbon and 
sludge concentrations of 600–1500 mg/L and 14–28 mg/L, 
respectively. Significant oil removal (< 98%) at low HRT and 
high biomass concentration was reported. Yang et al. (2012) 
treated simulated restaurant wastewater by submerged MBR. 
Results demonstrated total COD removal efficiencies of 
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98.3% and 99.1% for low- and high-strength restaurant 
wastewater, respectively, at initial influent oil concentration 
of 5 and 100 mg/L. Viero et al. (2008) used submerged MBR 
for the treatment of refinery wastewater. There was improve-
ment in phenol removal efficiency (> 98%); COD and TOC 
removals were achieved at 17% and 20%, respectively.

Membrane technology for oily wastewater 
treatment

Membranes are tinny layers of synthetic organic or inor-
ganic materials used for selective separation of fluid from 
other constituents (Ahmadun et al. 2009). Membrane treat-
ment process involves application of special porous material 
for the physical separation of pollutants present in the oily 
wastewater (Gryta 2020; Makisha 2020). It is increasingly 
being applied for the treatment of oil-contaminated waste-
water, especially in highly stable oil–water emulsions with 
a satisfactory discharge quality (Elimelech and Phillip 2011; 
Awaleh and Soubaneh 2014; Karakulski and Gryta 2017) 
(Table 3). It requires no chemicals, less energy requirement, 
simple and easy to handle with organized process conduc-
tion (Padaki et al. 2015). It is a pressure-driven technique, 
categorized into ultrafiltration, microfiltration, nanofiltration 
and reverse osmosis, which are virtually identical processes, 
but differ based on the pore size of the membranes (Pender-
gast and Hoek 2011).

Membranes are made of three distinct materials includ-
ing polymeric, ceramic and/or nano-materials occurring in 
hollow fiber, spiral and tubular structures for separation of 
oily wastewater (Zhu et al. 2014; Barambu et al. 2020). The 
removal efficiencies of various forms of membranes for oily 
wastewater treatment are discussed in detail below:

Polymeric membranes

Polymeric membranes are economical with small size, low 
energy requirements and high capacity to remove particles, 
emulsified and dispersed oil (Padaki et al. 2015; Hussain and 

Al-Yaari 2021). However, they are ineffective to remove vol-
atile substances and promote fouling easily leading to reduc-
tion in flux rate and weak separation during oily wastewater 
treatment (Padaki et al. 2015). They are made of special 
materials such as polyvinylidene fluoride (PVDF), polyte-
trafluorethylene (PTFE), polyamide (PA), polyethersulfone 
(PES), polysulfone (PSF) (Ochoa et al. 2003; Mansouriza-
deh and Azad 2014). Salahi et al. (2010) treated oily waste-
water effluents obtained from Tehran refinery using thin film 
composite-PA-reverse osmosis membrane. Results indicated 
high removal of total dissolved solids (TDS) (87%), COD 
(95%), BOD5 (95.3%), TOC (90%), turbidity (81.8%) and 
O&G contents (86.1%) in addition to total recovery of free 
oil, TSS and color at flow rate of 50 L/m2h.

Improvement on the hydrophilicity and antifouling per-
formance of polymeric membranes is achieved by com-
bination with hydrophilic components (Hyun et al. 2006; 
Asatekin and Mayes 2009; Hashim et al. 2009) or surface 
modification (Shi et al. 2008; Sagle et al. 2009). Masuelli 
et al. (2012) synthesized charged PVDF membranes modi-
fied with glycidyl methacrylate and ethylene glycol dimeth-
acrylate for the treatment of oily wastewater using ultrafil-
tration process. Oil emulsion rejection and COD removal 
efficiencies were 98% and < 59 mg/L, respectively. The 
modified membranes demonstrated low fouling (less than 
16.6%). Shirazi et al. (2013) studied thermal modification 
of polystyrene electrospun membrane for the treatment of 
biodiesel water effluent. Results demonstrated reduction 
in COD (75%), BOD (55%), total solids (TS) (92%), TDS 
(96%) and TSS (30%) of the treated effluent.

Ceramic membranes

Ceramic membranes are resistant to harsh environmental 
conditions due to high thermal, chemical and mechanical 
stabilities in addition to resistance to high oil content con-
centration and strong cleaning agents (Benfer et al. 2001; 
Faibish and Cohen 2001; Yoshino et al. 2005; Padaki et al. 
2015; Tomczak and Gryta 2021). However, because of pore 

Table 3   Efficiencies of membrane technology in the removal of pollutants from oily wastewater

Oily wastewater type Treatment effect Reference

Synthetic oil- water emulsions 98.8% O & G Nandi et al. (2010)
Oil–water emulsion from a crude oil refinery, India 93% oil Mittal et al. (2011)
Raw oily wastewater from Tehran refinery, Iran 85% O&G; 100% TSS; 98.6% turbidity and > 95% TOC Abadi et al. (2011)
Raw oily wastewater from Tehran refinery 31.6% TDS; 96.4% turbidity; 94.1% TSS and 97.2% O&G Salahi et al. (2010)
Synthetic oil–water emulsion  > 98% oil; < 59 mg/L COD Masuelli et al. (2012)
Biodiesel water effluent 75% COD; 55% BOD; 92% TS; 96% TDS and 30% TSS Shirazi et al. (2013)
Wastewater from oil refinery, Tehran 78.1% COD and 90.4% TOC Sarfaz et al. (2012)
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size constraint, direct application of ceramic membranes for 
treatment of oily wastewater results in fouling and low fluxes 
(Hua et al. 2007; Vasanth et al. 2011).

The development of low-cost and high-performance 
ceramic membranes for the treatment of oily wastewater 
has been investigated (Parma and Chowdhury 2014). The 
membranes were suitable for oil removal yielding a maxi-
mum separation of 53%. Nandi et al. (2010) used low cost 
ceramic microfiltration membrane made from inorganic pre-
cursors (sodium carbonate, boric acid, kaolin, quartz, feld-
spar and sodium metasilicate) with varying trans-membrane 
pressures (TMPs) (68.95–275.8 kPa) to treat synthetic oily 
wastewater consisting of 125 and 250 mg/L oil concentra-
tions. The membrane demonstrated 98.8% oil rejection effi-
ciency and 5.36 × 10−6 m3/m2 s permeate flux after 60 min 
at 68.95 kPaTMP. Mittal et al. (2011) synthesized low-cost 
hydrophilic ceramic-polymeric composite membrane from 
clay, kaolin and small amount of binding materials for the 
treatment of oily wastewater. The porosity and effective pore 
size of the membrane stretched between 0.56 and 28 nm and 
were used for the treatment of oily wastewater containing 
50–200 mg/L oil. Maximum oil removal efficiency (93%) 
was achieved at initial oil concentration of 200 mg/L and 
TMP of 138 kPa.

Materials such as alumina, silica, zirconia and titania 
are used for modification of ceramic filtration membranes 
(Padaki et al. 2015). Among these, zirconia-ceramic filtra-
tion membranes are more effective for the treatment of oily 
wastewater (Zhu et al. 2014). Zhou et al. (2008) reduced 
membrane fouling by coating Al2O3-microfiltration ceramic 
membrane with nano-sized ZrO2. Their results demonstrated 
an improvement in the hydrophilic properties of the mem-
brane. A steady flux of 88% and oil rejection of 97.8% was 
reported by using stable 1 g/L 20# engine oil–water emulsion 
as a feed.

Nanomaterial‑based membranes

Nanomaterial-based membranes are made of nanofibrous 
films with thin separation layer for effective treatment of 
oily wastewater (Jain et al. 2021). They possess high sur-
face area, high flux rate and high rejection rate when com-
pared with conventional filtration membranes (Zhu et al. 
2014). Sarfaraz et al. (2012) investigated the potential of 
nanoporous membrane-powdered activated carbon (NPM-
PAC) for the treatment of oily wastewater. An increase in 
permeation flux (133.8 L/(m2 h) with the removal of COD 
(78.1%) and TOC (90.4%) as well as decrease in steady foul-
ing resistance (46.1%) was reported. The hybrid NPM-PAC 
improved the efficiency of NPM, membrane fouling and per-
meation flux. Salahi et al. (2013) studied the treatment of 
oily wastewater collected from desalter plant using modified 

NPM. Maximum permeation flux of 180.1 L m−2 h−1 was 
obtained when the feed temperature, TMP, CFV, pH and salt 
concentration were 45 °C, 3 bar, 1.3 m/s, 10 and 11.2 g/L, 
respectively. The membrane was effective in removal of 
TSS (100%), TDS (44.4%), O&G contents (99.9%), COD 
(80.3%) and BOD (76.3%).

Electrochemical technology for oily 
wastewater treatment

Electrochemical technology is a promising alternative for 
the treatment of oily wastewater containing organic pollut-
ants by the application of electric current supplied to the 
electrodes (de Almeida et al. 2014; Treviño-Roséndez et al. 
2021). It occurs as electrocoagulation (EC), electrofloatation 
(EF), etc. (Chen 2004). It possesses advantages such as envi-
ronmental compatibility, versatility, energy efficiency, safety, 
selectivity, amenability to automation and cost-effectiveness 
(Bayramoglu et al. 2006; de Almeida et al. 2014). Operating 
conditions such as pH, operating time, current density, ini-
tial phenol concentration, NaCl addition, temperature, elec-
trode materials and phenol structure affect the performance 
of electrochemical treatment processes (El-Ashtoukhy et al. 
2013; de Almeida et al. 2014). Table 4 illustrates the effi-
ciencies of electrochemical techniques in the removal of 
pollutants from oily wastewater. The various forms of elec-
trochemical treatment technologies and their potentials for 
oily wastewater remediation are discussed in detail below:

Electrocoagulation treatment technology

Electrocoagulation (EC) is a technology that involves the 
release of coagulant in situ by the electrolytic dissolution 
of metal ions from metal electrode following application 
of electric current, resulting in simultaneous formation of 
hydroxyl ions and hydrogen gas production (Chen et al. 
2004; Cerqueira et al. 2014; Tetteh and Rathilal 2020). The 
coagulants aggregate and precipitate SS with a simultaneous 
adsorption of dissolved pollutants (Chaturvedi 2013). Tiny 
bubbles of hydrogen and oxygen gas released from the elec-
trodes collide with air bubbles to float the pollutant particles 
(Chaturvedi 2013). It requires no chemical (except for pH 
control); tolerate broad range of pollutants and fluctuation in 
influent quality; reduced residue; fully automated with less 
operator attention; lower sludge volume and better sludge 
quality (Kumar et al. 2004; Merma et al. 2020). However, 
high capital and energy costs formed crucial barriers to 
industrial application of EC, despite its high effectiveness 
and environmental friendliness (Gu et al. 2009; Uludag-
Demirer et al. 2020).
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Investigation on the removal of organic pollutants from 
oily wastewater by EC has been reported (Abdelwahab et al. 
2009). Abdelwahab et al. (2009) employed EC process to 
remove phenol from oil refinery wastewater using aluminum 
electrodes. Results showed phenol removal efficiency of 
97% at high current density and solution pH 7.0 after 2 h. 
There was an increase in EC rate as the phenol concentration 
decreases, with maximum removal rate attained at 30 mg/L. 
Ibrahim et al. (2013) treated petroleum refinery wastewater 
by EC using mild steel and aluminum electrodes. Optimum 
COD and TSS removal of 87% and 90%, respectively, under 
operating conditions of an initial pH 8.0, current density 
9 mA/cm2 within 40 min of treatment was reported. Asselin 
et al. (2008) studied the treatment of oily bilge water by EC 
using iron and aluminum electrodes arranged in a bipolar or 
monopolar manner in an electrolytic cell. Results demon-
strated removal of BOD (93.0 ± 3.3%), COD (78.1 ± 0.1%) 
and O&G (95.6 ± 0.2%) under optimum operating condi-
tions of 1.5 A within 60–90 min treatment period. Sekman 
et al. (2011) treated oily wastewater obtained from port 
waste reception facilities by EC using aluminum electrodes. 
Removal of SS (98.8%) and COD (90%) was reported at 
current density and electrolysis time of 16 mA/cm2& 5 min 
and 12 mA/cm2& 20 min, respectively.

For effective and optimum performance of EC process, 
optimization of various operating parameters becomes 
necessary. Chavalparit and Ongwandee (2009) studied the 
optimization of EC process for the treatment of biodiesel 
wastewater using response surface methodology (RSM). The 
influence of initial pH, applied voltage and reaction time 
on the removal of COD, O&G and SS was further inves-
tigated using one factor at a time experiment. At optimum 
pH of 6.06, applied voltage of 18.2 V and reaction time 
of 23.5 min, removal of COD, O&G and SS was reported 
at 55.43%, 98.42% and 96.59%, respectively. Ulucan et al. 
(2014) optimized treatment of bilge water by EC process 
using RSM. Results showed optimum COD (90.3%) and 
O&G (81.7%) removals at current density 9.87 mA/cm2, 
inlet temperature 29  °C within 13  min of electrolysis. 
Srirangsan et al. (2009) studied optimum conditions for the 
treatment of biodiesel wastewater using EC process. Influ-
ence of current density, retention time, initial pH and elec-
trode type (Fe–Fe, Fe–C, Al–Al, Al–C and C–C) was inves-
tigated on the treatment process. Results indicated optimum 
removal efficiencies of 97.8% (O&G), 96.9% (SS) and 55.4% 
(COD) when using Al-C electrodes at current density of 
8.32 mA/cm2and initial pH of 6.0 for 25 min.

Table 4   Efficiencies of electrochemical technology in the removal of pollutants from oily wastewater

Oily wastewater type Operation condition Treatment effect Reference

Refinery oil wastewater Current density 23.6 mA/cm2; 
time 120 min

97% phenol Abdelwahab et al. (2009)

Petroleum refinery wastewater Current density 9 mA/cm2, pH 
8.0, time 4 min

87% COD; 90% TSS Ibrahim et al. (2013)

Petroleum-contaminated waste-
water

Current density 18 mA/cm2, pH 
7.0

95% TPH Moussavi et al. (2011)

Oily bilge wastewater Current density 1.5 mA/cm2, 
60–90 min

93 ± 3.3% BOD; 78.1 ± 0.1% 
COD, 95.6 ± 0.2% O&G

Asselin et al. (2008)

Petrochemical wastewater Current density 21.64 mA/cm2, 
NaCl concentration 2 g/L, 
30 min

97.43% turbidity Giwa et al. (2012)

Oily bilge wastewater Current density 12.8 mA/cm2, 
reaction temperature 32 °C

99.2% COD; 93.2% O&G; 91.1% 
turbidity

Korbahti and Artut (2010)

Biodiesel wastewater Current density 8.32 mA/cm2, pH 
6.0, 25 min

97.8% O&G; 96.9% SS; 55.4% 
COD

Srirangsan et al. (2009)

Raw oily wastewater Current density 12–16 mA/cm2, 
5–20 min

98.8% SS; 90% COD; > 80% O 
& G

Sekman et al. (2011)

Biodiesel wastewater Applied voltage 18.2 V, pH 6.06, 
23.5 min

55.43% COD; 98.42% O&G; 
96.59% SS

Chavalparit and Ongwandee (2009)

Oily bilge wastewater Current density 9.87 mA/cm2, 
inlet temperature 29 °C, 13 min

90.3% COD; 81.7% O&G Ulucan et al. (2014)

Synthetic oil–water emulsion Current density 25 mA/
cm2, < 22 min

90% COD Tir and Moulai-Mostefa (2008)

Industrial oily wastewater Current density 19.40 mA/cm2, 
energy consumption 0.167 
KWhm−3

99.71% oil Nahui et al. (2008)
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Electroflotation treatment technology

Electroflotation (EF) is a process that allows pollutants to 
float on water body surface following electrolytic generation 
of tiny bubbles of hydrogen and oxygen gases from elec-
trodes (Burns et al. 1997). The gas bubbles maintain contact 
with the pollutants to form a complex, which rises up to 
the water surface, leading to the removal of the pollutants 
by skimming (Hosny 1992). It differs from other flotation 
techniques such as dissolved air flotation in that it requires 
low operation costs, small land space requirement along 
with generation of uniform and finely dispersed gas bub-
bles (Ibrahim et al. 2001). The pollutant removal efficiency 
is dependent on solution pH, current density, temperature, 
etc. (Ibrahim et al. 2001; Mota et al. 2015).

Studies on the removal of oil from oily effluents obtained 
from North Gujarat fields in India by EF process using alu-
minum electrodes have been carried out (Tiwari and Patel 
2011). Results obtained demonstrated oil removal of 90.7% 
and 97.9% at pH 4.54 and 9.5, respectively, within 40 min 
flotation time at initial oil concentration of 145  mg/L. 
Nahui et al. (2008) studied the treatment of industrial oily 
wastewater by EF using stainless steel and dimensionally 
stable anode electrodes with nominal compositions of Ti/
Ru0.34Ti0.66O2. Results indicated removal of 99.71% oil 
from 1050 ppm of emulsified oil feed at current density of 
19.40 mA/cm2 and energy consumption of 0.167 kWhm−3.

Advanced oxidation processes (AOPs) 
for oily wastewater treatment

Due to the presence of numerous toxic pollutants which 
cannot be treated by conventional methods, development 
of AOPs forms recent improvements in the treatment of 
oily wastewater (Ding et al. 1996; Lin et al. 2001; Garrido-
Cardenas et al. 2020). These include electro-oxidation (EO) 
(Yavuz et al. 2010), Fenton oxidation (Brillaset al. 2009), 
photocatalytic oxidation (Chong et al. 2010), etc.

Electrooxidation treatment technology

Electrochemical oxidation (EO) is a complex phenomenon 
that involves generation of oxidants, which oxidize the pol-
lutants present in oily wastewater, following application 
of electric current (Chen 2004; Abou-Taleb et al. 2020). 
The oxidation of pollutants occurs in two pathways: direct 
(anodic) and indirect oxidation. Direct oxidation occurs 
when the pollutants are directly oxidized on the surface of 
electrodes, and is influenced by electrode activity, pollutant 
diffusion rate and current density (Deng and Zhao 2015). In 

the case of indirect oxidation, it occurs with the aid of oxi-
dizing agents generated electrochemically and is affected by 
pH, temperature and rate of diffusion of generating oxidants 
(Chen 2004; Ochando-Pulido et al. 2015).

Gargouri et al. (2014) compared the efficacy of two dif-
ferent electrodes: PbO2 reinforced on tantalum (Ta/PbO2) 
and boron-doped diamond (BDD) anodes contained in an 
electrolytic batch cell, operated at different current densities 
(30, 50 and 100 mA/cm2) for the treatment of oily waste-
water. Results demonstrated COD removal efficiencies of 
85% and 96% after 11 h and 96% after 7 h, when using 
PbO2 and BDD, respectively. In addition, BDD was more 
efficient with higher oxidation rate and consumes less energy 
for removal of petroleum hydrocarbons from the produced 
water when compared with PbO2. Wei et al. (2010) studied 
the pretreatment processes for the removal of organic pollut-
ants present in heavy oil refinery wastewater using a three-
dimensional electrode reactor. Removal efficiencies of COD 
(45.5%), TOC (43.3%) and toxicity (67.2%) were recorded. 
Tran et al. (2009) investigated the removal of PAHs from 
creosote solution by EO using RuO2/Ti electrodes. Results 
showed removal of 80% PAHs after 90 min of electrolysis 
and at current density of 9.2 mA/cm2. High degradation of 
PAHs was reported at original pH 6.0. Yavuz and Koparal 
(2006) removed phenol from a petroleum refinery wastewa-
ter by EO using ruthenium mixed metal oxide coated tita-
nium electrodes. Results showed removal of phenol (94.5%) 
and COD (70.1%) at current density of 20 mA/cm2.

Electro‑Fenton treatment technology

Electro-Fenton is a novel chemical oxidation method, yet 
to receive much attention for the treatment of oily wastewa-
ter (Lin and Chen 1997; Sani et al. 2020). It is a combina-
tion of electrochemical process and Fenton oxidation and is 
based on the generation of oxidant (H2O2) from cathode and 
ferrous ions from iron-containing acidic solution (Ahmed 
et al. 2021). The reaction of ferrous ion with H2O2 formed 
strong oxidant hydroxyl radicals, known as Fenton reagents, 
which caused degradation of non-biodegradable and toxic 
pollutants in oily wastewater by direct or indirect anodic 
oxidation through the formation of oxidants such as hydroxyl 
radicals and larger coagulants that enhance flocculation of 
organic matter (Panizza et al. 2000; Chen et al. 2002; Kus-
vuran et al. 2004; Kakavandi et al. 2019). Electro-Fenton 
technology is versatile, automated and eco-friendly with 
enhanced efficiency for energy (Sani et al. 2020). However, 
electro-Fenton technique is confronted with limitations such 
as insufficient production of H2O2, high resistivity and hin-
dered current density (Sirés et al. 2014).

Studies on the application of electro-Fenton and ambi-
ent Fenton processes in the treatment of POME have been 



Applied Water Science (2021) 11:98	

1 3

Page 11 of 19  98

reported (Lim et al. 2017). Maximum COD removal effi-
ciencies of 94% and 48%, respectively, were recorded. The 
higher COD removal efficiency of electro-Fenton indicated 
its effectiveness in the removal of pollutants from the waste 
effluent. Similarly, electro-Fenton process was employed 
for the remediation of organic pollutants (recalcitrant) from 
landfill leachate at optimized conditions: pH 3.0, H2O2/Fe2+ 
(1:1), current density 49 mA/cm2 and reaction time 43 min). 
Maximum COD and color removal efficiencies of 94% and 
96%, respectively, were recorded (Mohajeri et al. 2010).

Combination of electro-Fenton and EC has been applied 
for the treatment of petroleum refinery wastewater using iron 
electrodes (Yavuz et al. 2010). It was reported that elec-
tro-Fenton and EC processes removed 98.74% phenol and 
75.71% COD at 6 and 9 min, respectively. Ulucan and Kurt 
(2015) treated bilge water obtained from Haydarpasa waste 
receiving facilities by a combination of EC, EF and electro-
Fenton processes. Treatability of bilge water by EC-EF pro-
cess was done using aluminum and iron electrodes. Com-
parison of aluminum and iron electrodes in EC-EF showed 
COD and O&G removal efficiencies of 64.8% and 57%, 
respectively, from aluminum and 36.2% and 12.5%, respec-
tively, from iron. However, higher COD and O&G removal 
efficiencies of 71% and 69%, respectively, were reported by 
electro-Fenton process.

Photocatalytic oxidation technology

Photocatalytic oxidation is widely used because of its superb 
pollutants’ removal efficiency, low cost, photochemical 
stability and does not require toxic chemicals (Hoffmann 
et al. 1995; Saien and Nejati 2007; Chong et al. 2010; Lin 
et al. 2020). It requires the use of catalysts such as ultra-
violet light, solar irradiation and TiO2. However, TiO2 is 
mostly preferred due to its stability in wastewater under 
broad environmental conditions (Zhang et al. 2012; Tetteh 
et al. 2020). Reactive oxygen species (hydroxyl radicals and 
superoxide radical anion) produced from the surface of cata-
lysts (e.g. TiO2) under light irradiation is responsible for the 

degradation of organic pollutants present in wastewater (Sioi 
et al. 2006; Kuwahara et al. 2010).

Various factors such as catalyst dosage, pH, temperature, 
light wavelength, intensity and salt and target contaminants 
concentrations affect photocatalysis in oily wastewater treat-
ment (Ahmed and Haider 2018; Sundar and Kanmani 2020). 
Kang et al. (2011) investigated the influence of irradiation 
time, pH, dissolved oxygen (DO), TiO2 dosage and initial 
COD concentration on the performance of vaccum UV/TiO2 
oxidation systems for the pretreatment of oily wastewater. 
Results demonstrated reduction in COD, BOD5 and oil by 
50 ± 3%, 37 ± 2% and 86 ± 3%, respectively, when using vac-
cum UV and 63 ± 3%, 43 ± 2% and 70 ± 3%, respectively, 
when using TiO2, under optimum operating conditions of 
irradiation 10 min, initial COD 3981 mg/L, TiO2 150 mg/L, 
pH 7.0 and flow rate of air 40 L/h. Mansouri et al. (2014) 
prepared polyethyleneimine/titania (TiO2) multilayer film 
fabricated by a layer-by-layer self- assembly method for the 
treatment of raw petroleum refinery wastewater under UV 
light irradiation in three annular photocatalytic reactors. 
Maximum COD removal (98%) was achieved at optimum 
initial COD concentration 200 mg/L, H2O2 concentration 
8.8 mM, pH 6.0 and reaction time of 120 min.

Adsorption treatment technology

Adsorption is a physical, chemical and electrostatic adhe-
sion of pollutants onto surfaces (Wahi et al. 2013). The sub-
stance that is being removed from liquid phase at interphase 
is known as adsorbate, while the solid, liquid or gas phase 
onto which the adsorbate accumulates is called adsorbent 
(Razali et al. 2010). The most commonly used adsorbents 
include activated carbon, chitosan (Eldin et al. 2017; Doshi 
et al. 2018), alum, zeolite (Razali et al. 2010), polypropyl-
ene, activated bentonite (Al-Shahrani 2014), laterite (Hebbar 
and Jayantha 2013, 2014) and biosorbents (e.g. raw barley 
straw) (Ibrahim et al. 2012; Ramli and Ghazi 2020). Adsorp-
tion process is one of the effective techniques for removal 
of organic or inorganic pollutants present in oily wastewater 
(Yousef et al. 2020) (Table 5). It is mostly preferred due to 

Table 5   Efficiencies of 
adsorption method in the 
removal of pollutants from oily 
wastewater

Oily wastewater type Adsorbent Treatment effect Reference

Vegetable oil mill effluent Crab shell chitosan 74% COD; 70% TSS; 
56% EC; 92% turbidity

Devi et al. (2012)

Synthetic oily wastewater Barley straw 90% oil Ibrahim et al. (2012)
Palm oil mill effluent Chitosan 99% residual oil Ahmad et al. (2005c)
Palm oil mill effluent Synthetic rubber powder 88% residual oil Ahmad et al. (2005a)
Palm oil mill effluent Oil palm waste 83.74% oil Jahi et al. (2015)
Oil–water emulsion Zeolite, diatomite, benton-

ite, natural soil
90% COD Yuan et al. (2011)
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its direct application, simplicity and low processing costs 
(Ahmad et al. 2005a,b & c; Sokker et al. 2011; Izevbekhai 
et al. 2020).

Application of natural biosorbents for the removal of 
pollutant load in oily wastewater has been studied (Ibrahim 
et al. 2010; Jun et al. 2020). Devi et al. (2012) employed low 
molecular weight crab shell chitosan as adsorbent for the 
treatment of vegetable oil mill effluent. Maximum removal 
of COD, TSS, electrical conductivity and turbidity was 
reported at 74%, 70%, 56% and 92%, respectively. In addi-
tion, batch adsorption tests for the treatment of oily waste-
water using surfactant-modified barley straw (biosorbent) 
have also been studied (Ibrahim et al. 2012). Maximum oil 
removal of above 90% was achieved.

Comparative studies of adsorption capacity of different 
adsorbents for the treatment of oily wastewater have been 
carried out (Razali et al. 2010). Zhou et al. (2008) compared 
the efficiency of cetyltrimethyl-ammonium bromide-mod-
ified polystyrene resin (R-CTAB) with granular-activated 
carbon (GAC) and polypropylene (PP) granular for the 
treatment of emulsified oily wastewater. Among the differ-
ent absorbent materials, R-CTAB had the best oil removal 
efficiency. In addition, hybrid of R-CTAB and GAC removed 
more than 90% oil from the oily wastewater. Jahi et al. 
(2015) employed oil palm waste (oil palm leaves and oil 
palm frond) modified with lauric acid solution as adsorbent 
for the treatment of POME. The modified oil palm leaves 
had higher adsorption capacity with percentage oil removal 
of 83.74% when compared with modified oil palm frond 
with adsorption capacity of 39.84%.

The influence of operating conditions such as adsorbent 
dosage and pH on the adsorption of oil from oily wastewa-
ter has been studied (Ahmad et al. 2005a; Cai et al. 2019). 
Yuan et al. (2011) investigated the demulsification of emul-
sified wastewater collected from steel and medical industries 
using artificial and natural zeolites, diatomite, bentonite and 

natural soil. Their results showed over 90% COD removal by 
the adsorbents at 60 °C and pH 1.0. Okiel et al. (2011) exam-
ined the removal of oil from oil–water emulsion by adsorp-
tion onto PAC, bentonite and deposited carbon while at the 
same time investigating the influence of adsorbent dosage 
(0.1, 0.3, 0.5, 0.7, 1.0 and 1.5 g), contact time (0.5–4 h), 
adsorbent weight (0.1–0.5 g) and adsorbate concentrations 
(836, 1012, 1210 and 1613 ppm). Results indicated increase 
in percentage oil removal as the contact time and adsorbent 
weights increase and decrease in oil removal as the adsorbate 
concentration increases.

Combined treatment technologies

Owing to the complexity (in terms of composition) of oily 
wastewater coupled with inability of single technology to 
remediate free-floating, emulsified or dispersed oil from 
high-strength oil-contaminated wastewater, combined tech-
nologies are recently employed for efficient removal of haz-
ardous pollutants from the wastewater (Han et al. 2020). 
It involves integration of assortment of treatment technolo-
gies for effective remediation of oily wastewater (Yu et al. 
2017) (Table 6). This is notable of a cocktail application of 
EC and a fixed film aerobic bioreactor for the treatment of 
high-strength petroleum refinery wastewater at optimized 
conditions of 0.1 M NaCl, 6.5 V and 4 electrodes without 
prior pH adjustment. Maximum removal efficiencies of 
COD (> 88%) and TPH (> 80%) were recorded coupled with 
enhanced biodegradability of the wastewater (BOD/COD 
value: 0.015–0.5). Further treatment of the wastewater using 
immobilized cells in a bioreactor resulted in overall removal 
of COD (85%) and TPH (98%) within 30-d incubation 
(Pérez et al. 2016). In another study, Moslehyani et al. (2015, 
2016a, b) investigated the applicability of a combination of 
photocatalytic reactor and ultrafiltration membrane for the 

Table 6   Efficiencies of combined technologies in the removal of pollutants from oily wastewater

Oily wastewater type Combined technology Removal efficiency Reference

Petroleum refinery wastewater EC and fixed film aerobic bioreactor  > 88% COD and > 80% TPH; 95% 
COD and 98% TPH (after bioreac-
tor treatment)

Pérez et al. (2016)

Oilfield produced water Reverse osmosis and adsorption 92% TOC Kwon et al. (2008)
Oilfield produced water Membrane (SBR) and Membrane 

(SBR) /reverse osmosis
90.9% COD; 92% TOC; 91.5% O 

& G
Fakhru’l-Razi et al. (2010)

Bilge wastewater EC and nanofiltration 52% COD; 74% COD (after EC-
nanofiltration process)

Akarsu et al. (2016)

Oily bilge wastewater Photocatalytic reactor and ultrafiltra-
tion

 > 90% hydrocarbon, > 80% TOC 
(after photocatalysis); > 99% 
hydrocarbon (after ultrafiltration)

Moslehyani et al. (2015; 2016a, b)

Oily bilge wastewater Photocatalytic oxidation and electro-
Fenton oxidation

 > 70% COD Eskandarloo et al. (2018)
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treatment of oil-containing bilge wastewater in the presence 
of UV irradiation and TiO2 catalyst. Results demonstrated 
above 90% degradation of the wastewater by photocatalysis. 
However, the degradation increased to 99% upon combi-
nation with ultrafiltration nanocomposite membrane. More 
so, EC and nanofiltration integrated system in the presence 
of aluminium electrodes and flat-sheet membrane (NF 270) 
has been reported for the remediation of bilge wastewater 
(Akarsu et al. 2016). Maximum COD (74%) (> 150 mg/L) 
removal efficiency was recorded.

Conclusions and recommendations 
for future opportunities

Pollution from industrial oily wastewater has become a 
global phenomenon, causing adverse environmental and 
health hazards to the ecosystems. Over decades, conven-
tional methods have been engineered to curb this menace, 
but proven to be less effective. Implementation of advanced 
treatment technologies provides an efficient approach in the 
removal of pollutants. In addition, the use of combined tech-
nologies has recently gained attention for complete remedia-
tion of toxic pollutants from high-strength oily wastewater. 
The selection of appropriate treatment method(s) depends 
on operational costs, wastewater composition, efficiency, 
regulatory limitation and end use of treated wastewater. The 
recommendations for the future direction of improving the 
treatment technologies include:

(1)	 The high operational and maintenance costs in the use 
of bioreactor could be circumvented through develop-
ment of economical compact bioreactor with robust 
treatment efficiency. In addition, hybrid anaerobic–
aerobic bioreactor systems should be explored for 
enhanced removal of complex recalcitrant organic mat-
ter as well as reduction of energy consumption, odor 
and gas emissions.

(2)	  Membrane fouling encountered during industrial oily 
wastewater treatment could be eliminated by modifica-
tion (surface and chemical) of the membrane, which 
enhances its performance by providing excellent per-
meation, biofouling resistance and hydrophilicity.

(3)	 Further research in electrochemistry should be geared 
towards development of electrodes with reasonable 
operational costs and stability.

(4)	 Photocalytic treatment of industrial oily wastewater 
could be improved by pre-treatment of the wastewa-
ter for the removal of O & G and SS using traditional 
physical separation approaches. More so, investigation 
on the modification of photocatalysts that are versa-
tile under broad spectrum of operating conditions with 

better specific surface area and self-cleaning potential 
should be carried out.

(5)	 Special focus should be given to utilization of agri-
cultural by-products as adsorbents for cost-effective, 
sustainable and eco-friendly remediation of industrial 
oily wastewater.
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