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Introduction

Oily wastewater generated from petroleum refineries,
petrochemical industries, and oil transportation is
one of the major sources of environmental pollution.
The presence of hydrocarbons and suspended organic
compounds in these effluents poses serious risks to
aquatic ecosystems and human health. Therefore, the
development of efficient treatment technologies has
become an important environmental challenge [1-3].
Among the available treatment methods, ultrafiltration
(UF) has attracted considerable attention because of
its high separation efficiency, simple operation, and
low energy consumption. However, membrane fouling
remains the main limitation of UF processes, resulting
in permeate flux decline and increased operational costs
[4-6]. Moreover, coagulation has been widely used as
an effective pretreatment to reduce membrane fouling
by destabilizing oil droplets and suspended particles
before membrane filtration. In addition, UV irradiation
can enhance the degradation of organic compounds
and improve treatment efficiency [7]. In this study, an
integrated coagulation—ultrafiltration process using a
polyethersulfone (PES) membrane was investigated
for oily wastewater treatment. The combined effects
of ferric chloride (FeCls), polyaluminum chloride
(PAC), pH, and UV irradiation on COD removal,
permeate flux, and membrane fouling behavior were
systematically evaluated.
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Materials and Methods

Catalyst Preparation

A polyethersulfone (PES) ultrafiltration membrane
was fabricated using the phase inversion method.
The polymer casting solution consisted of PES
dissolved in dimethylformamide (DMF), together
with polyvinylpyrrolidone (PVP), sodium dodecyl
sulfate (SDS), Triton X-100, and glycerol as additives
to improve membrane morphology and performance.
In addition, the prepared membrane was characterized
by scanning electron microscopy (SEM).

Synthetic oily wastewater was prepared by dispersing
diesel fuel in distilled water in the presence of SDS as
a surfactant, followed by ultrasonic homogenization.
Also, real refinery wastewater obtained from Bandar
Abbas Refinery was also used to evaluate the
applicability of the proposed treatment process.
Coagulation experiments were carried out using ferric
chloride (FeCls) and polyaluminum chloride (PAC) at
different dosages under various pH conditions (3, 5, 7,
and 10). The coagulated wastewater was subsequently
treated using a dead-end ultrafiltration system operated
at a constant pressure of 2 bar. The effects of individual
and combined coagulants, with and without ultraviolet
(UV) irradiation, were investigated.

Samples collected before and after each treatment
stage were analyzed to determine the changes in water
quality and membrane performance. The permeate
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flux was continuously monitored throughout the
filtration experiments to evaluate membrane stability
and fouling behavior. All experiments were conducted
in triplicate, and the average values were reported
to ensure the reliability and reproducibility of the
experimental results.

Membrane performance was evaluated in terms of
permeate flux, chemical oxygen demand (COD)
removal efficiency, flux recovery ratio (FRR), and
membrane fouling resistance under different operating
conditions.

Results and Discussion

The morphology of the fabricated PES membrane
was investigated by scanning electron microscopy
(SEM). As shown in Fig. 1, the membrane exhibited
an asymmetric porous structure with interconnected
finger-like pores, indicating a favorable morphology
for ultrafiltration applications. The membrane structure
provided sufficient permeability while maintaining an
effective barrier for the separation of oil droplets from
wastewater.
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Fig. 1 SEM images of the polyethersulfone membrane: (a) membrane surface, (b) membrane cross-section.

The efficiency of the coagulation pretreatment was
strongly affected by the solution pH. As presented in
Fig. 2, the removal efficiency of organic pollutants
increased by optimizing the pH, owing to the enhanced
hydrolysis of FeCls and PAC and the formation of
larger, denser flocs. Under the optimum pH conditions,
coagulation effectively destabilized emulsified oil
droplets and suspended particles, leading to improved
pollutant removal before membrane filtration.

The integration of coagulation with ultrafiltration
considerably improved membrane performance.

The effect of coagulation pretreatment on membrane
performance is illustrated in Fig. 3. The permeate flux
was significantly improved after coagulation compared
with direct ultrafiltration, indicating a considerable
reduction in membrane fouling. In addition, UV
irradiation further enhanced treatment performance
by promoting the degradation of organic compounds
and improving floc characteristics. Under the optimum
operating conditions, the integrated coagulation-UV—
ultrafiltration process achieved approximately 96%
COD removal, whereas coagulation alone resulted in
about 86% COD removal.

Overall, the integrated coagulation—UV—ultrafiltration
process effectively improved COD removal, enhanced
permeate flux, and mitigated membrane fouling,
demonstrating its potential for efficient treatment of
oily wastewater.

Conclusions

This study investigated the treatment of synthetic and
real oily wastewater using an integrated coagulation—
ultrafiltration process with a polyethersulfone
(PES) membrane. The membrane morphology was
characterized by SEM, confirming a porous structure
suitable for ultrafiltration. Ferric chloride (FeCls)
at concentrations of 10, 30, 60, and 100 mg/L and
polyaluminum chloride (PAC) at concentrations of 50,
100, 150, and 200 mg/L were evaluated as coagulants.
In addition, the optimum dosages were found to be 30
mg/L for FeCls and 150 mg/L for PAC, which achieved
the highest chemical oxygen demand (COD) removal
efficiency. The combined application of FeCls and PAC
at an optimum pH of 5 exhibited superior performance
compared with the individual coagulants under both
visible light and UV irradiation. Furthermore, UV
irradiation further enhanced the process by promoting
partial degradation of organic pollutants and improving
floc properties, leading to increased membrane
permeate flux. Moreover, the integrated process
effectively mitigated membrane fouling, although
pressure loss caused by dense floc formation remained
a challenge. Overall, the results demonstrate that the
combined coagulation—ultrafiltration process using
low dosages of FeCls and PAC at the optimum pH is
an effective, economical, and promising approach for
the treatment of oily wastewater.
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Fig. 2 Effect of pH on COD removal and permeate flux of the PES membrane using PAC/FeCls, with and without UV irradiation.
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Fig. 3 Permeate flux during ultrafiltration using PAC and FeCls pretreatment, with and without UV irradiation.

Nomenclatures

COD: Chemical oxygen demand
DMF: Dimethylformamide
PAC: Polyaluminum chloride

PES: Polyethersulfone

SEM: Scanning electron microscopy

SDS: Sodium dodecyl

sulfate
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and (b, d) permeate flux of the PES membrane in saline wastewater treatment.
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Table 1 Membrane fouling resistance values after fouling tests under visible and ultraviolet (UV) irradiation.

Flux Recovery Ratio | Total Fouling Resistance | Irreversible Fouling Re- | Reversible Fouling Re- Memb
embrane
(FRR%) R) sistance (R, ) sistance (R)
84.121% 0.207 0.158 0.049 FeCl,/PAC
82.313% 0.1781 0.176 0.021 FeCl,/PAC/UV
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Table 2 Comparison of the performance of the present study with previous studies.

COD Removal
Reference . pH Coagulant Wastewater Type Process
Efficiency(%)
50 95.2 7.2 Polyaluminum Chloride Oily Wastewater Coagulation—Microfiltration
Aluminum Sulfate+ . . . .
51 92.9 6 Polyaluminum Chloride Oily Wastewater Coagulation—Microfiltration
Polyaluminum Chlo-
51 93.1 6 ride+ Polyaluminum Oily Wastewater Coagulation—Microfiltration
Chloride
52 97.31 7.2 Aluminum Sulfate Synthetlvci]aotgz Waste- Coagulation—Microfiltration
Palm Oil Mill Effluent . .
53 86.27 3 Iron Electrode (POME) Coagulation—Nanofiltration
54 62 6 Ferric Chloride landfill leachate Coagulation—Ultrafiltration
55 99.2 6.8 Aluminum Sulfate Sugar Industry Waste- C.oagulatlon—Nanoﬁltr.a-
water tion+ Reverse Osmosis
55 98.8 6.8 Moringa Seeds Sugar Industry Waste- Coagulatlon—Nanoﬁltyatlon
water + Reverse Osmosis
56 90 8.9-2.2 - Olive Mill Wastewater Biological Oxidation
56 94 8.9-22 Ferrous Sulfate Olive Mill Wastewater Coagulation—Oxidation
57 75.71 - Iron Electrode Petr\())\}eum refinery Oxidation + Coagulation
astewater
9 84 795 ) Oily Wastewater Nanofil- + M.lcroﬁltratlon
tration
. Polyaluminum Chlo- Synthetic Petroleum . .
This work 96 5 ridet Ferric Chloride Wastewater Coagulation—Ultrafiltration
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