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a b s t r a c t

This study evaluated an integrated treatment system that combines chemical destabilization (through 
flocculation)  with membrane-based separation (via submerged microfiltration)  for removing of 
dispersed oil from oilfield produced water (OPW) under realistic salinity and temperature conditions. 
Both synthetic and real OPW emulsions were treated using polymeric flocculants,  followed by the 
submerged-MF employing 0.1 μm tubular and flat sheet ceramic membranes at 60 ◦C. System perfor
mance was assessed in terms of total oil and grease (TOG) removal and permeate flux. Fouling mech
anisms were analyzed using Hermia models alongside a Python®-based numerical simulation, fitting 
the empirical resistance decay via nonlinear optimization. The use of the commercial anionic flocculant 
HYPERFLOC™ AE 120 led to TOG removal efficiencies up to 85% in synthetic emulsions prepared with 
100 g/L NaCl at 60 ◦C. The integrated flocculation/submerged-MF process ensured full compliance with 
offshore discharge regulations for produced water. Membrane configuration strongly influenced  per
formance; flat sheet membranes exhibited milder flux decline and superior flux recovery after cleaning, 
while tubular membranes were prone to pore-blocking. In contrast, cake layer formation was more 
prominent in flat membranes. Empirical exponential decay models provided the best fit for resistance 
evolution (R2 = 0.996), surpassing the accuracy of the mechanistic Hermia models in describing fouling 
behavior. For oilfield  produced water emulsions, flocculation  was less efficient  due to the matrix 
complexity. However, submerged-MF significantly  reduced TOG content and turbidity. Overall, the 
engineered integrated system demonstrated robustness and scalability potential for OPW treatment in 
challenging offshore environments, highlighting the benefits  of process synergy and operational 
adaptability.
© 2026 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This 
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc- 

nd/4.0/).

1. Introduction

Oilfield  produced water (OPW) is the main byproduct of 
offshore oil and gas extraction, with increasing production over 
recent decades and an estimated global volume of around 250 
million barrels per day (Shahrim et al., 2023). It is a highly complex 
oily aqueous matrix whose composition varies depending on the 
geological features of the reservoir and the exploration phase. 
Generally, it contains aliphatic and aromatic hydrocarbons, 
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phenols, organic acids (Hu et al., 2025), as well as dissolved solids, 
metal ions, chemical additives used during extraction, and high 
salinity (up to ten times that of seawater in some areas) (Ariana 
et al., 2025; Tian et al., 2023).

Conventional produced water treatment involves several 
stages, such as three-phase separators, hydrocyclones, and flota
tion processes. Its main goal is to lower the total oil and grease 
(TOG) levels, which in wastewater are found both as dispersed oil 
micro-droplets and dissolved, particularly as water-soluble or
ganics (WSO). The treatment's purpose is to comply with regula
tory discharge limits—typically under 30 mg/L of TOG – and to 
mitigate environmental impact while protecting marine ecosys
tems (Amakiri et al., 2022; Bostick, 2002; Dai et al., 2023).

While traditional methods are commonly used on production 
platforms, alternative approaches such as microfiltration (MF) are 
gaining extensive interest for treating produced water. This tech
nique is particularly aimed at separating the emulsified oil phase 
from the water phase (Liu et al., 2021; Padaki et al., 2015; Zhang 
et al., 2022). The pursuit of more effective solutions is driven by 
the varying complexity of OPW and the likelihood of stricter 
environmental regulations in the future. Typically, MF can remove 
microscopic particles (less than 5 μm), including stable emulsions, 
without relying on chemical additives or thermal processes limi
tations often associated with current methods used on platforms 
for oil separation (Wang et al., 2023).

In this context, submerged membrane microfiltration (sub
merged-MF) stands out as a promising, and underexplored alter
native for treating OPW. In this setup, the membrane is immersed 
directly in the wastewater, with filtration driven by moderate 
vacuum applied on the permeate side (Jin et al., 2019). This design 
enables operation at lower transmembrane pressure (TMP) and 
requires a smaller footprint, making it ideal for the space- 
constrained environments of the offshore platforms (Al- 
Shammari et al., 2012; Jin et al., 2019; Motta et al., 2014; 
Piombini et al., 2021). Thus, submerged-MF offers significant ad
vantages over traditional pressurized systems, particularly for 
applications in offshore facilities, where space is typically limited.

Furthermore, submerged-MF can be integrated into existing 
flotation/flocculation  stages on platforms, which serve as pre
treatment, helping to reduce fouling and extend membrane life
span, thus promoting a promising integrated process for OPW 
treatment, especially in offshore units. Flocculation is especially 
effective at removing colloidal material from oily wastewater by 
forming flocs  through charge neutralization and reducing elec
trostatic repulsion in the electrical double layer (Zhao et al., 2021). 
When combined with MF, flocculation  acts as the first  step, 
removing larger particles and oil droplets, while MF then filters the 
remaining smaller oil droplets under μm.

Specific characteristics of OPW and offshore conditions, along 
with operating parameters, must be considered when optimizing 
the flocculation/MF process. For instance, the salinity of OPW af
fects the surface charge of oil droplets, directly impacting sepa
ration efficiency (Wang et al., 2022), and lead to membrane fouling 
(Jim�enez et al., 2018). Temperature is another factor that must be 
considered, as OPW can reach temperatures of up to 92 ◦C 
(Alzahrani and Mohammad, 2014). Variations in temperature can 
influence viscosity, interfacial tensions, solubility of components 
present in the produced water, and the frequency of oil droplet 
coalescence (Piccioli et al., 2020). Additionally, chemical additives 
can alter droplet charge, decrease electrostatic repulsion, and 
promote adhesion to gas bubbles, thereby improving flocculation 
efficiency (Yang et al., 2016).

This study investigated a novel integrated process combining 
flocculation and submerged-MF to remove dispersed oil from OPW 
under challenging conditions of high salinity (100 g/L NaCl) and 

elevated temperature (up to 60 ◦C). Bench-scale experiments were 
conducted as a proof-of-concept (Technology Readiness Level 3- 
TRL 3). A numerical simulation framework was developed to 
analyze flux decline mechanisms during membrane filtration. This 
model employs finite  difference discretization to evaluate mass 
transport across the membrane, accounting for both axial and 
radial concentration profiles  under transient conditions. Experi
mental flux decay data were fitted using in-house Python®-based 
optimization routines to assess key fouling model parameters, 
allowing comparison among Hermia, exponential decay, power 
law, and logistic models.

By incorporating initial flux,  membrane configuration, and 
empirical decay expressions, the simulation provided valuable 
insights permeate flux  decline over time, supporting the inter
pretation of fouling mechanisms and the design of CFD boundary 
conditions for computer-based simulations and optimization. The 
novelty of this work lies in the integration of flocculation and MF 
for OPW treatment under conditions representative of offshore 
production environments. The findings aim to enhance the tech
nological readiness of the proposed approach and support its 
future scale up and implementation on offshore platforms.

2. Methods

2.1. Preparation and characterization of dispersed oil emulsions in 
synthetic and real produced water

Synthetic produced water with dispersed oil (SPW-DO) was pre
pared by emulsifying crude oil, sourced from an offshore exploration 
unit on the Brazilian coast, within a saline matrix. This matrix consists 
of a 100 g/L NaCl solution in distilled water, with the pH monitored 
using a benchtop pH meter (AZ 86505), and adjusted to a range of 5 to 
7 using either HCl (Neon P.A. ACS, 37% and 1 mol/L solution) or 2 mol/L 
NaOH solution (Êxodo Científica P.A. ACS).

The emulsion was prepared in a 2 L glass beaker containing 
1.5 L of the saline matrix, which had been preheated to 60 ◦C in a 
thermostatic bath. Once the target temperature was reached, 
approximately 1.0 g of crude oil was slowly added under constant 
stirring, using an Ultra-Turrax disperser (IKA®) operating at 
12,000 rpm for 15 min. The temperature was maintained at 60 ◦C 
throughout the entire process. The crude oil used in the experi
ment had a specific  gravity of 913 kg/m3 and a viscosity of 
116.8 mPa⋅s at 25 ◦C. Upon completion of emulsification,  the 
mixture was transferred to an oven (New Lab), also kept at 60 ◦C, 
and let stand for 30 min to allow the separation of the free (non- 
emulsified)  oil phase. The emulsion was then carefully collected 
from the lower side outlet of the beaker and used in subsequent 
tests. This method enables the preparation of an aqueous matrix 
with dispersed oil, featuring a TOG content between 100 and 
150 mg/L, as described by Scharnberg et al. (2023).

In addition to the synthetic matrix, a real produced water 
sample, collected from the outlet of the flotation  stage at an 
offshore oil production unit, was used to prepare a real matrix of 
produced water emulsion containing dispersed oil (OPW-DO). The 
salinity of the matrix was adjusted to 100 g/L, and the pH was set 
between 6 and 8. Subsequently, 0.7 g of crude oil was emulsified 
using the Ultra-Turrax disperser, operating at 12,000 rpm for 
5 min, while maintaining the temperature at 60 ◦C. After emulsi
fication,  the mixture was allowed to rest in an oven at 60 ◦C for 
30 min to promote the separation of the free oil phase. The 
resulting emulsion, with a TOG content between 100 and 150 mg/ 
L, was collected from the bottom outlet of the beaker and used in 
the subsequent experiments. The OPW-DO preparation required a 
shorter homogenization time (5 min) than the synthetic matrix 
(15 min) to achieve the target TOG, probably due to the presence of 
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naturally occurring compounds in the real matrix, such as sur
factants, that facilitated faster emulsion formation.

The quantification of TOG content in both SPW-DO and OPW- 
DO samples was carried out using non-dispersive infrared spec
troscopy with a Horiba® OCMA 350 instrument. For this purpose, a 
calibration curve was constructed by dissolving known masses of 
crude oil in tetrachloroethylene (CAS 127-18-4, Êxodo Científica 
P.A.), resulting in a range of oil concentrations (mg/L), as described 
by Scharnberg et al. (2023). For the analysis, 50 mL of each sample 
was acidified to pH 2.0 with 37% HCl and subjected to liquid-liquid 
extraction with a total of 15 mL of tetrachloroethylene organic 
solvent, applied in three sequential steps.

In the first extraction step, 5 mL of solvent was added to the 
acidified sample, agitated for 2 min, and allowed to rest for 5 min 
to facilitate phase separation. The denser organic phase was 
separated, filtered through a separatory funnel containing a layer 
of anhydrous sodium sulfate, and collected in a glass flask.  This 
procedure was repeated twice, each time using 5 mL of fresh 
solvent and following the same protocol. All collected organic 
phases were combined in the same glass flask  for subsequent 
analysis. With the aid of the calibration curve, TOG content (mg/L) 
was quantified using Eq. (1): 

TOG =
1

tan θ
× Abs ×

Vb
Va

(1) 

in which, tan θ represents the slope of the calibration curve, 
which is derived from the calibration process. Abs refers to the 
absorbance of the sample as measured by the spectrophotometer. 
Vb denotes the total volume of the solvent utilized during the 
extraction process, and Va is the volume of the sample that was 
subjected to extraction.

Turbidity was measured using a benchtop turbidimeter (Hanna, 
HI98703). The salinity of the OPW-DO and SPW-DO samples was 
determined with a refractometer (ATC model). Total solids (TS), fixed 
solids (FS), and volatile solids (VS) were quantified according to SM 
2540 methodologies (APHA, 2017). Zeta potential (ζ) measurements 
were performed using a Malvern® Zetasizer Nano ZS for the SPW-DO 
emulsion and for the flocculant solutions prepared at the concen
trations used in the tests and dissolved in distilled water. All mea
surements were carried out in triplicate at pH = 6.5. The 
determination of the zeta potential of the flocs  formed after the 
addition of surfactant and flocculant was not feasible due to the for
mation of large, sticky aggregates that hindered sample handling and 
prevented proper loading into the analytical cell of the instrument.

Droplet size distribution was evaluated by capturing images with 
an optical microscope (Olen) at magnifications of 100x, 400x, and 
1000x, followed by image analysis using ImageJ software. Statistical 
parameters such as Dmode and Dmean were calculated directly in 
Microsoft Excel® using the corresponding functions, based on the 
droplet dataset measured for each emulsion. Dmean corresponds to 
the arithmetic mean diameter, whereas Dmode represents the most 
frequent droplet diameter in the distribution (i.e., the statistical 
mode). The Sauter mean diameter (DSauter), defined as the surface- 
area-weighted mean droplet diameter, was also derived from the 
droplet size distribution. Conceptually, DSauter represents the diam
eter of a spherical droplet with the same volume-to-surface-area 
ratio as the entire droplet population. Because smaller droplets 
contribute proportionally more surface area per unit volume, they 
exert a greater influence on DSauter than on Dmean.

2.2. Flocculation tests of SPW-DO with different flocculating agents

Flocculation tests on the SPW-DO (synthetic produced water 
with dispersed oil) were performed using several polymeric 

flocculants  commonly employed in offshore produced water 
treatment units. The polymers tested included: HYPERFLOC™ CE 
814, HYPERFLOC™ CB 482, and HYPERFLOC™ AE 120, with their 
physicochemical characteristics listed in Table 1.

Flocculation tests were performed using a Jar Test apparatus 
(Nova �Etica). Each test involved placing 400 mL of SPW-DO, pre
pared as described in section 2.1, into 1.0 L beakers. To simulate the 
conditions of actual produced water samples, which often include 
surfactants from extraction processes, SBDS surfactant was added 
to the SPW-DO to achieve a final concentration of 200 mg/L. The 
mixture was then stirred at 100 rpm for 2 min. Subsequently, the 
polymer under investigation was added to reach a final  concen
tration of 85 mg/L. These concentrations were selected based on 
the study by Scharnberg et al. (2023) and preliminary experi
mental results.

After adding polymer, the mixture underwent rapid agitation at 
150 rpm for 30 s, then switched to slow flocculation at 50 rpm for 
10 min. Once flocculation  was complete, samples were left un
disturbed for 50 min to allow flocs  to settle. The clear aqueous 
phase was then carefully decanted for further analysis of TOG 
content via spectrophotometry (Horiba® OCMA 350) and turbidity 
measurements. All experiments were performed in triplicate.

2.3. Integration of flocculation and submerged microfiltration 
processes in SPW-DO treatment

2.3.1. Evaluation of flocculant concentration and membrane 
configuration

The performance of the flocculation process followed by sub
merged microfiltration (submerged-MF) in reducing TOG content 
was evaluated under different flocculant  application scenarios. 
The SPW-DO used was prepared as described in Section 2.1. Floc
culation was conducted using a bench-scale system. This system 
comprised a 2 L saturator vessel equipped with a pressure gauge, 
relief valve, and needle valve. It was connected to a 1.8 L jacketed 
glass vessel with a benchtop mechanical stirrer (Fisatom®) and a 
thermostatic circulation bath (Sevenlabor). The system also 
included a control point for operational pressure.

For all flocculation tests, 1.2 L of SPW-DO was transferred to the 
jacketed glass vessel and maintained at a constant temperature of 
60 ◦C. Three flocculation conditions were tested, varying the sur
factant concentrations (100, 150, and 200 mg/L) and the previously 
selected flocculant polymer (chosen for its optimal performance) 
at 50, 75, and 100 mg/L. First, the surfactant was added to the 
heated solution at the specified concentrations, and agitation was 
maintained at 250 rpm for 2 min. Next, the flocculant polymer was 
added, and agitation was increased to 350 rpm for 30 s. This was 
followed by a slow agitation at 60 rpm until a total of 10 min was 
reached. After the agitation, the samples remained at rest in the 
jacketed vessel, still at 60 ◦C, for 50 min, allowing the formed flocs 
to separate. At the end of this period, the liquid phase was carefully 
collected via the lower side valve of the vessel.

Table 1 
Physicochemical properties of employed polymeric flocculants.

CE 814 CB 482 AE 120

Charge Cationic Anionic Anionic
Charge density Medium High N.R.
Specific density, g/cm3 1–1.1 1.05–1.15 1–1.1
Viscosity, cP 500–200 <500 <50
Non-Volatile Solids Content, % 37.5–44.5 18–23 17–19
Zeta potential (ζ) at pH = 6.5, mV 3.57 − 3.70 − 7.93

N.R.: Not reported.
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The samples obtained under each flocculation condition were 
subjected to the submerged-MF process, using the same jacketed 
glass vessel employed in the previous step, maintained at 60 ◦C. 
Two single-channel tubular ceramic membranes (alumina-based, 
porosity 40%, pore size of 0.1 μm, and a total filtration  area of 
79.2 cm2) were submerged in the sample and operated in parallel. 
The permeation process was conducted under vacuum pressure of 
0.1 bar, using a gear pump (Cole-Parmer, 75211-62), for approxi
mately 1.5 h. During this period, the permeate volume was 
continuously collected and measured.

The TOG content of the initial SPW-DO samples, as well as after 
flocculation and after submerged-MF, was measured by spectro
photometry, as described in Section 2.1. The permeate flux (J) was 
calculated using Eq. (2), based on the permeate volume (Vp) 
collected over time (t) and the effective membrane filtration area 
(A). The specific permeate flux (Je), a dimensionless quantity, was 
determined by dividing the measured flux (J) by the flux measured 
with permeation using only distilled water (Jw), as shown in Eq. 
(3). 

J=
Vp

t × A
(2) 

Je =
J

Jw
(3) 

At the end of each test, the membranes underwent a stan
dardized cleaning procedure of four sequential steps, each per
formed at 60 ◦C for 20 min: (i) rinsing with distilled water, (ii) 
alkaline cleaning with a 0.5% NaOH solution; (iii) acidic cleaning 
with a 2.0% citric acid solution, and (iv) a final rinse with distilled 
water.

To assess the impact of membrane configuration on system's 
efficiency  in reducing TOG content, a multi-channel flat ceramic 
alumina membrane, with effective area of 60 cm2 and a pore size 
of 0.1 μm, was also used and compared to the tubular membrane. 
Flocculation conditions were maintained at constant concentra
tions of 150 mg/L surfactant and 75 mg/L flocculant  polymer, 
following the protocol outlined in the preceding section. After 
flocculation,  the sample was filtered using submerged-MF. The 
only modification from previous tests was the replacement of the 
tubular membranes with the flat  membrane, while all other 
operational conditions remained unchanged. The permeate vol
ume was collected and monitored for approximately 1.5 h, 
enabling a direct comparison of performance between the 
different membrane geometries.

2.3.2. Membrane performance assessment and fluid dynamic 
simulation

The Hermia model was employed to characterize and simulate 
the flux in the two membranes studied. Hermia's model is widely 
used in fouling analysis of porous membranes, providing a theo
retical framework to explain the decrease in permeate flux over 
time due to the accumulation of foulants on the membrane surface 
or within its pores (Abbasi et al., 2012; Pereira et al., 2023). This 
phenomenological model considers four primary fouling mecha
nisms: complete pore blocking, intermediate (or partial) pore 
blocking, standard blocking, and cake layer formation (Pereira 
et al., 2023). Each mechanism corresponds to a characteristic 
exponent in the flux equation, enabling Hermia's model not only to 
quantify the fouling rate but also to infer the dominant fouling 
behavior during the filtration (Hermia, 1985). The model equations 
are presented in Supplementary Material Section S1.

Analyzing the fit of experimental data to different regimes of 
the Hermia model aids in identifying the dominant fouling 

mechanism and understanding how membrane-fluid interactions 
contribute to permeability reduction. To facilitate this analysis, an 
optimization algorithm was developed to evaluate the fit  of the 
proposed model equations. Additionally, a custom simulation 
code, developed in Python®, was used to predict fouling dynamics 
within the membrane filtration system. This model employs a 
finite volume scheme to describe species transport and membrane 
flux decay in both configurations, discretized along both radial and 
axial directions. Membrane behavior is modeled by a time- 
dependent decline in permeate flux, enabling simulation of both 
the initial clean flux and its reduction due to fouling. The flexible 
structure of the code enables dynamic manipulation of critical 
membrane parameters, including the rate of permeate flux decay, 
fouling onset delay, and species-specific  interactions. Experi
mental water flux  data were fitted  by optimizing the initial 
permeate flux and decay rate using a bounded nonlinear optimi
zation routine.

To simulate permeate flux  decline in the APOD membrane 
system, a custom finite volume code was developed in Python®. 
The model resolves transient species transport through both sys
tems, discretized in radial and axial directions. Fouling is incor
porated as a time-dependent permeability decay function, applied 
independently to water and oil based on empirical trends and 
literature-informed behavior. An initial analysis was performed 
using the Hermia models (detailed in the Supplementary Material) 
was performed to characterize the observed flux  decline. Addi
tionally, empirical decay models from the literature, including the 
power law, exponential, and logistic models (Bhattacharya et al., 
2010; Field et al., 1995; Sutzkover-Gutman et al., 2010), were 
evaluated to capture non-mechanistic trends in the resistance for 
the proposed custom-developed finite volume code. A compre
hensive description of these equations is provided in Table S2 
(Supplementary Material).

The optimization process minimized the weighted squared 
error between the simulated and experimental normalized flux. 
Membrane domain discretization was achieved using finite  vol
ume grids (Nr = 25, Nz = 50), with time steps dynamically gov
erned by diffusion stability criteria. Optimization of the initial 
permeate flux  and decay rate was performed using a bounded 
nonlinear optimization routine (scipy.optimize.minimize), employ
ing both the 'L-BFGS-B′ and 'TNC' algorithms with tolerance of 
1 × 10− 6 and a maximum of 1000 iterations. All fitting and simu
lation procedures were validated by comparing the predicted flux 
trends to experimental data, as discussed further. On average, the 
simulations took 151.2 s for the tubular membrane and 192.5 s for 
the flat  membrane, demonstrating the code's potential for rapid 
prediction of fouling mechanisms.

2.4. Integration of flocculation and submerged microfiltration 
processes in OPW-DO treatment

Flocculation tests with OPW-DO were conducted under fixed 
conditions, using 200 mg/L of SBDS and 100 mg/L of AE 120, 
following the procedure detailed in Section 2.3.1. Permeation ex
periments were performed using both the flat ceramic membrane 
(alumina-based, porosity 40%, pore size of 0.1 μm, and a total 
filtration area of 60 cm2) and the tubular alumina ceramic mem
brane used in previous tests (alumina-based, porosity 40%, pore 
size of 0.1 μm, and a total filtration area of 79.2 cm2). The permeate 
volume was collected and monitored over a period of approxi
mately 1.5 h, enabling a direct comparison of performance be
tween the two membrane configurations under identical 
operational conditions.

The samples obtained at this stage of the study, both prior to 
and following flocculation and submerged-MF, were characterized 
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for TOG content via liquid-liquid extraction with tetrachloro
ethylene, as well as for turbidity, total solids (TS), fixed solids (FS), 
and volatile solids (VS), as described in Section 2.1. The droplet size 
distribution of the OPW-DO emulsion was determined from im
ages obtained using optical microscopy (Olen) and analyzed using 
ImageJ software.

3. Results and discussion

3.1. Dispersed oil (DO) emulsions characterization: synthetic (SPW- 
DO) and oilfield produced water (OPW-DO)

The real aqueous matrix (i.e. real produced water) exhibited a 
salinity of 22 g/L, as determined using a refractometer, and a 
turbidity of 7.88 NTU. The concentration of total suspended solids 
(TSS) was 23.7 ± 0.2 mg/L, of which 19.21 ± 0.04 mg/L corre
sponded to fixed solids. To standardize the salt content across 
different matrices and enable a reliable comparison in emulsion 
preparation and floc formation, NaCl was added to the real matrix 
prior to the preparation of the OPW-DO emulsion, resulting in a 
final  salinity of 101 g/L. In this adjusted matrix, the TSS concen
tration was equal to 96.4 ± 0.3 mg/L (91.39 ± 0.04 mg/L of fixed 
solids). This adjustment allowed direct comparison with the 
emulsion prepared using distilled water and salt (SPW-DO), which 
had a salinity of 100 g/L. The pH of all samples used in this study 
ranged from 5.0 to 7.5.

Table 2 summarizes the physicochemical characteristics of each 
water matrix, while Fig. 1 presents the histograms of droplet size 
distribution for both SPW-DO and OPW-DO, along with 40x 
magnified digital images of the oil droplets dispersed in water.

The OPW-DO and SPW-DO were prepared using identical 
operating conditions (12,000 rpm, pH between 5.0 and 7.5, and a 
temperature of 60 ◦C), but with different homogenization times. 
The combination of this shorter mixing time and complex 
composition of the real matrix resulted in emulsions with distinct 
characteristics. The OPW-DO exhibited higher turbidity (924 NTU) 
and TOG concentrations (154 ± 22 mg/L) compared to SPW-DO 
(477 NTU and 114 ± 16 mg/L, respectively). These results indi
cate a higher pollutant load and a greater presence of fine  sus
pended particles in the real matrix.

Regarding the oil droplet size distribution, OPW-DO showed 
larger droplets compared to SPW-DO (Table 2). This difference in 
droplet size can be partially attributed to the variation in stirring 
time during emulsion preparation. While SPW-DO underwent 
15 min of mixing, OPW-DO was emulsified  for only 5 min, both 
using the same dispersing equipment. Even so, based on the 
droplet size distribution, both emulsions can be classified as oil-in- 

water emulsions with droplet sizes ranging from 1 to 10 μm (Kim 
et al., 2019; Li et al., 2025).

Longer mixing times, particularly when using high-shear 
equipment, promote droplet breakup and lead to finer, more 
uniform emulsions, thus, the shorter mixing time applied to OPW- 
DO may have contributed to the formation of larger droplets and a 
less uniform emulsion. This behavior is corroborated by the his
togram in Fig. 1(b), which displays a concentration of droplets 
around the mode (Dmode = 1.01 μm), with fewer occurrences of 
larger droplets ranging from 2 to 5 μm in diameter. The D90% value, 
representing the diameter below which 90% of the droplet volume 
is contained, was significantly higher for OPW-DO (<3.14 μm) than 
for SPW-DO (<1.66 μm), indicating greater heterogeneity in 
droplet size distribution.

Separation efficiency in flocculation processes is influenced by 
several factors, including oil droplet diameter (Taghizadeh 
Mohammadi and Movahedirad, 2024), and generally decreases 
as the average droplet size becomes smaller. Ultrafine  droplets 
exhibit reduced coalescence potential and diminished buoyancy 
(Shim et al., 2025). Consequently, the complete removal of such 
droplets often necessitated the use of chemical additives that 
facilitate their aggregation.

3.2. Flocculation tests of SPW-DO with different flocculating agents

Fig. 2 presents the TOG concentrations and turbidity mea
surements obtained from flocculation  tests conducted on the 
SPW-DO emulsion with three distinct flocculants:  Hyperfloc  AE 
120, CB 482, and CE 814. Although limited technical specifications 
are provided by the manufacturer for these commercial products, 
they are widely employed in offshore oil platform operations as 
well as in water and wastewater treatment applications. Hyperfloc 
AE 120 and Hyperfloc CB 482 contain anionic active ingredients, 
whereas Hyperfloc  CE 814 contains a cationic active ingredient. 
The zeta potential values of the flocculants  (Table 1) also reflect 
their inherent surface charge characteristics at the working pH 
around 6.5. CE 814 exhibited a slightly positive ζ-potential, 
consistent with its cationic functionality, whereas CB 482 and AE 
120 showed negative ζ-potentials, in agreement with their anionic 
nature.

The results highlight the effectiveness of the various polymeric 
flocculants in reducing turbidity and TOG concentration, with their 
differing performances attributed to specific  physicochemical 
properties and interaction with oil droplets in the aqueous me
dium. CE 814, the sole flocculant  containing a cationic active 
component, exhibited the lowest efficiency  among the tested 
polymers, achieving reductions of 84% in turbidity and 81% in TOG 
concentration. Its poor performance, however, is not only related 
to the fact that it is cationic, but also to the presence of 200 mg/L of 
surfactant and 100 g/L of NaCl, which hinder its adsorption at the 
oil-water interface and suppress electrostatic mechanisms (Khan 
et al., 2018). In contrast, the anionic flocculants,  AE 120 and CB 
482, demonstrated superior performance. AE 120 achieved a 94% 
reduction in turbidity and an 85% reduction in TOG, whereas CB 
482 reduced turbidity by 93% and TOG by 73%, resulting in an 
average final  TOG concentration of 33 mg/L. Among the tested 
flocculants,  AE 120 presented the most effective destabilization, 
producing visibly larger and more compact flocs  and yielding a 
completely translucent supernatant. In comparison, CE814 
generated small, fragile flocs and a noticeably turbid supernatant, 
while CB482 produced intermediate behavior.

These results allow us to infer the flocculation mechanisms that 
operate in this system for each flocculant used. Under low or zero 
salinity conditions, oil droplets typically exhibit negative surface 
charges resulting from the preferential adsorption of hydroxide 

Table 2 
Comparison of preparation conditions, physicochemical parameters, and droplet 
size of the SPW-DO and OPW-DO emulsions. OPW-DO required a shorter prepa
ration time due to emulsion-forming compounds present in the aqueous matrix.

Parameters SPW-DO OPW-DO

Aqueous matrix Distilled water Real produced water
Ultraturrax velocity, rpm 12,000 12,000
pH 5.0–7.5 5.0–7.5
T, ◦C 60 60
Agitation time, min 15 5
Total oil and grease (TOG), mg/L 114 ± 16 154 ± 22
Turbity, NTU 477 924
Salinity, mg/L 100 101
Dmax, μm 3.45 5.97
Dmin, μm 0.16 0.57
Dmean, μm 1.01 1.54
Dmode, μm 1.17 1.01
DSauter, μm 0.71 1.16
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ions at the oil-water interface (Wang et al., 2022). In such sce
narios, cationic polymers are effective due to their dual role in 
aggregation and flocculation, that is, they neutralize the negative 
surface charge on the droplets, thereby promoting floc formation 
and phase separation (Zhao et al., 2021) (Fig. 3(a)).

Conversely, under high salinity conditions, oil droplets may 
undergo either charge inversion or partial neutralization (Dudek 
and Øye, 2018), which makes anionic or nonionic polymers more 
suitable for promoting aggregation of oily droplets (Fig. 3(b)). In 
the present study, the high ionic strength of the SPW-DO matrix 
compresses the electrical double layer, thereby reducing the 
magnitude of the zeta potential and partially neutralizing the 
surface charge of the oil droplets (Huang et al., 2019). As a result, 
the droplets exhibit only weak electrostatic repulsion 
(ζ = − 6.37 mV), indicating minimal electrostatic stabilization. This 
partial charge neutralization, coupled with extensive electrostatic 
screening, confirms that electrostatic interactions play a negligible 
role under these conditions. This evidence strongly supports the 
interpretation that flocculation  is predominantly governed by 

hydrophobic interactions and polymer bridging, rather than by 
charge neutralization mechanisms (Scharnberg et al., 2023).

Based on these results and considering its superior perfor
mance in reducing TOG concentration and turbidity under saline 
conditions, the flocculant  AE 120 was selected for subsequent 
experiments and will hereafter be referred to as [AE].

3.3. Integrating flocculation and submerged microfiltration in PW- 
DO treatment

3.3.1. Evaluation of flocculant agent concentration
To assess the performance of ceramic membranes under vary

ing oil concentrations, flocculation  conditions were modified  by 
adjusting the concentration of [AE] across three independent tests. 
This approach enabled generation of different flocculation  effi
ciencies and, consequently, varying oil concentrations in the feed 
stream to the membrane unit. The results for TOG concentrations 
and permeate flux obtained in each test are presented in Fig. 4.
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Fig. 1. Histogram of oil droplet size distribution for the emulsions: (a) SPW-DO (1209 droplets) and (b) OPW-DO (511 droplets); digital image of oil droplets in emulsions (c) SPW- 
DO magnified 100x and (d) OPW-DO magnified 40x.
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In the test conducted with 50 mg/L of [AE], flocculation reduced 
TOG concentration by 22% (from 125 to 98 mg/L), as illustrated in 
Fig. 4(a). The subsequent microfiltration step enhanced the overall 
TOG removal to 94%, achieving a final  concentration of 7 mg/L, 
thereby demonstrating the membrane's capacity to compensate 
for suboptimal flocculation performance. At [AE] concentrations of 
75 and 100 mg/L, flocculation alone removed more than 83% of the 
oil, resulting in low residual oil concentrations in the membrane 
feed. In these cases, MF functioned primarily as a polishing step to 
conventional treatment. Although small variations in permeate 
TOG were observed among the flocculant doses, these differences 
were not statistically significant (ANOVA, p > 0.05), indicating that 
the submerged-MF step produced comparable TOG levels 
regardless of the flocculant concentration.

The effectiveness of integrated system is likely associated with 
two primary mechanisms that govern the treatment of oil-in- 
water (O/W) emulsions using membrane technology: (1) coa
lescence, wherein dispersed oil droplets merge upon contact 
with the membrane surface, and (2) size exclusion, whereby 
droplets exceeding the membrane pore size are physically 
retained. These mechanisms act synergistically, facilitating the 
efficient  separation of O&G compounds and suspended solids 
(Zolfaghari et al., 2016).

Analysis of specific permeate flux analysis (Fig. 4(b)) revealed 
minimal dependence on O&G concentration post-flocculation. 
This behavior was particularly evident in the test with 50 mg/L 
of flocculant, where the membrane feed contained 100 mg/L O&G, 
approximately 75% higher than in the tests with 75–100 mg/L of 
flocculant. The stable flux values indicate that oil-induced fouling 
was mitigated through interfacial coalescence, enlargement of oil 
droplets beyond the membrane pore size, and the hydrophilic 
barrier effect, where the ceramic membrane's hydrophilicity pro
motes the formation of a surface hydration layer that repels apolar 
compounds.

These findings indicate that the performance of the integrated 
system is more sensitive to flocculant dosage than to residual oil 
concentration when the system operated under sub-critical flux 
conditions (i.e., mild operating pressures). At the lowest flocculant 
dosage (50 mg/L), TOG reduction was limited, suggesting that the 
negative charge density was insufficient  to induce effective 
emulsion destabilization. In contrast, flocculant concentrations in 
the 75 to 100 mg/L range yielded maximum efficiency, indicating 
an optimal flocculation concentration. These results suggest that 
75 mg/L represents the optimal dosage, as further increases in 
flocculant  do not improve separation efficiency  and indicate a 
saturation of aggregation mechanisms. Even under moderate 
flocculation efficiencies (22%–83%), the system maintained stable 
filtration  performance, highlighting its potential as an effective 
tertiary treatment stage. Importantly, the integrated system pro
duced effluent  containing less than 30 mg/L of O&G, meeting 
offshore discharge regulatory standards.

3.3.2. Evaluation of membrane configuration
Fig. 5 shows the results of the performance evaluation of 

tubular and flat  sheet membrane configurations  applied to the 
combined treatment of SPW-DO, integrating flocculation followed 
by submerged-MF.

Both tests exhibited a pronounced decline in the specific 
permeate flux over time (Fig. 5(a)). Specific flux analysis revealed 
that the tubular membrane operated at approximately 12% of its 
initial flux by the end of the test, whereas the flat sheet membrane 
maintained about 17%. This outcome suggests a reduced tendency 
for severe flux decline in the flat sheet configuration, despite its 
lower initial absolute flux values. Another relevant aspect pertains 
to flux recovery following chemical cleaning. The initial flux if the 
flat sheet membrane with distilled water was 900 L/(m2⋅h), and it 
remained virtually unchanged after cleaning (905 L/(m2⋅h)). In 
contrast, the tubular membrane exhibited an expressive flux 
reduction, decreasing from 803 L/(m2⋅h) before operation to 487 L/ 
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(m2⋅h) after cleaning, which may indicate more pronounced irre
versible fouling or pore blockage.

The superior performance and easier cleaning of the flat sheet 
membrane are likely attributable to design-related factors. In the 
tubular membrane configuration, the selective layer is positioned 
on the internal surface of the channel. Consequently, the flux di
rection proceeds from the membrane support layer, characterized 
by a rougher texture and larger pores, toward the selective layer. 
This arrangement likely favored the accumulation of oil droplets 
on the external surface of the membrane, contributing to irre
versible fouling (i.e., pore blockage). Conversely, in the flat sheet 
membrane, the feed stream directly contacts the selective layer, 
which contains pores smaller than the oil droplets. This 

configuration minimizes the potential for fouling caused by pore 
blockage. A comparative fouling analysis of the two membrane 
configurations was conducted via simulation to elucidate the un
derlying mechanism; the results are detailed in section 3.3.3.

Under identical flocculation conditions (60 ◦C and 75 mg/L of 
AE 120), TOG reduction efficiencies  were 83% and 76%, yielding 
final concentrations of 18 ± 8 mg/L and 36 ± 20 mg/L, respectively. 
In the subsequent submerged-MF step, additional TOG reductions 
were achieved, consistent with previous observations, resulting in 
overall removal rates exceeding 89%. Based on the initial TOG 
concentrations in each test, the specific  contribution of the 
submerged-MF step was 13% for both configurations,  corre
sponding to the retention of approximately 14 mg/L of TOG 
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content by the tubular membrane and 20 mg/L by the flat sheet 
membrane.

3.3.3. Fouling analysis and fluid dynamic simulation
Physicochemical parameters, such as turbidity, TOG concen

tration, and droplet size, provide a basis for evaluating membrane 
performance and fouling behavior. The synthetic emulsion (SPW- 
DO), which exhibits lower turbidity and a narrow droplet size 
distribution, serves as a model for stabilized oily wastewater under 
controlled laboratory conditions. In contrast, the real emulsion 
(OPW-DO), characterized by a broader droplet size distribution 
and higher contaminant concentrations, more accurately reflects 
the complexity of oilfield produced water.

These distinct feed properties influence  the interaction be
tween oil droplets and membrane surfaces and pores, thereby 
determining the predominant fouling mechanisms for each 
membrane configuration. To assess these effects, the experimental 
flux  decline of both tubular and flat  membranes was analyzed 
using Hermia's fouling model in conjunction with a custom Py
thon®-based finite  volume simulation. The model-code frame
work enabled parameter fitting, identification of dominant fouling 
mechanisms, and comparative evaluation of predictive perfor
mance across membrane configurations. Fig. 6 presents the fitting 
results for both membrane types.

Table 3 provides a summary of the goodness-of-fit, displaying 
the R2 values for each configuration  to demonstrate the model's 
predictive capability. For the tubular membrane, the permeate flux 
decline data showed strong agreement with most Hermia models. 
The complete blocking model yielded the highest correlation 
(R2 = 0.98), indicating that immediate pore blockage due to par
ticle deposition was the predominant fouling mechanism. The 
intermediate blocking model also demonstrated a strong fit 
(R2 = 0.97), suggesting that partial pore constriction and narrow
ing contributed significantly to fouling, likely resulting from par
ticle accumulation on and within the membrane pores.

The standard blocking model yielded a slightly lower fit, indi
cating a secondary role of gradual pore narrowing due to adsorbed 
foulants. In contrast, the cake formation model showed the 
weakest correlation (R2 = 0.83), implying that external layer 

accumulation was not the primary fouling mechanism, although it 
may have contributed in conjunction with pore-blocking phe
nomena. This combined fouling behavior is typical in oily waste
water and saline feeds containing suspended solids and 
surfactants, where internal pore interactions and surface deposi
tion occur simultaneously, progressively increasing filtration 
resistance, especially considering commercial pore sizes ranging 
from 0.1 to 10 μm (De Bruijn et al., 2005; Field et al., 1995; Hermia, 
1985; Ullah et al., 2021; Xiao et al., 2023; Zulkefli et al., 2021).

The flat  sheet membrane showed a distinct fouling pattern 
compared to the tubular setup. In this case, the cake filtration 
model demonstrated the strongest correlation with the experi
mental data (R2 = 0.83), indicating that surface deposition and 
cake layer formation were the primary causes of the flux decline. 
This finding  was experimentally validated (see Fig. S2 in the 
Supplementary Material). The other models tested exhibited poor 
fit, often resulting in an R2 values close to zero. This discrepancy 
does not necessarily reflect model failure; but rather indicates that 
the underlying assumptions of those models do not align with the 
physical behavior of the system. These results strongly suggest 
that under specific operating conditions of this study, the flat sheet 
membrane is more susceptible to external fouling. Its structural 
design, featuring horizontal flow  channels and a larger exposed 
surface, facilitates particle accumulatio on the membrane surface, 
promoting cake layer formation, resulting in flux  reduction. The 
distinct fouling mechanisms observed across membrane configu
rations carry important implications for fouling mitigation stra
tegies. The flat sheet membrane's susceptibility to cake filtration 
suggests that optimizing periodic backwashing could be an 
effective mitigation strategy. Conversely, the predominant issue in 
the tubular configuration,  pore blockage, suggests the need for 

(a) (b)

0 5 10 15 20 25 30

0

0.2

0.4

0.6

0.8

1.0
Standard blockage
Complete blockage
Intermediate blockage
Cake formation
Experimental data

Time, min Time, min

0 5 10 15 20 25 30

0

0.2

0.4

0.6

0.8

1.0
Standard blockage
Complete blockage
Intermediate blockage
Cake formation
Experimental data

Sp
ec

ifi
c 

pe
rm

ea
te

 fl
ux

Sp
ec

ifi
c 

pe
rm

ea
te

 fl
ux

Fig. 6. Performance of the Hermia model optimization code for flux analysis for (a) tubular membrane and (b) flat sheet membrane.

Table 3 
Hermia model fit for tubular and flat membranes, based on R2 values.

Tubular membrane Flat membrane

Standard blockage 0.89 Without correlation
Complete blockage 0.98 Without correlation
Intermediate blockage 0.97 Without correlation
Cake formation 0.83 0.84
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approaches such as chemical cleaning or surface modification to 
sustain performance.

The Hermia model, originally developed for solid, rigid particles, 
presents limitations in accurately describing fouling behavior in oil- 
in-water emulsions (Hermia, 1985). Unlike the model's assump
tions, oil exists as deformable droplets capable of coalescing, 
spreading, and deforming upon contact with the membrane surface. 
This dynamic behavior, combined with important factors not 
considered by the model, such as concentration polarization, oil- 
membrane interactions, and surface tension effects, complicates 
the fitting  of experimental data to any of the four predefined 
blocking mechanisms. Despite these limitations, the Hermia model 
can still yield reasonable fits  to experimental data under specific 
conditions. For instance, when a thick, viscous oil layer rapidly 
forms on the membrane surface, as observed in the flat  sheet 
configuration, the cake filtration mechanism adequately described 

the process. In such cases, the model serves as a phenomenological 
descriptor that effectively captures the observed phenomenon of 
cake formation, even if it does not account for the underlying dy
namics of droplet deformation and coalescence. This finding aligns 
with observations reported by Alborzi et al. (2022).

A comparative analysis of simulation predictions and experi
mental data for various resistance models from the literature is 
presented in Fig. 7. The simulated data, generated using the 
experimental parameters derived from the Hernia models, 
exhibited notable discrepancies when compared to experimental 
results. Consequently, the simulated outputs are presented as 
boxplot diagram for each model (Fig. 7(b) and (d)), allowing 
comparison of their order of magnitude with the experimental 
data (Fig. 7(a) and (c)).

Table 4 presents the goodness-of-fit  results for the 2D simu
lated data, comparing the performance of various empirical 
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Fig. 7. Comparison of experimental data and simulated 2D finite element code for tubular (a)–(b) and flat (c)–(d) membranes. Resistance models utilized include power law, 
exponential, and logistic from literature ((a) and (c)), and Hermia's models ((b) and (d)).
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resistance models, including the Hermia model applied in the 
context of membrane resistances. The model conceptualizes the 
MF membrane as a region where permeability progressively de
creases. This design enables simulation of the entire filtration cy
cle, from the initial high flux of a clean membrane to the gradual 
decline induced by fouling. The code architecture allows dynamic 
adjustment of membrane parameters, including permeability 
decay rate, delay onset, and species-specific behavior. The result
ing flux  was fitted  to experimental data by optimizing initial 
permeability and decay rate using a bounded nonlinear optimi
zation routine (scipy.optimize.minimize) employing both the 'L- 
BFGS-B′ and 'TNC' algorithms. This approach produced a strong fit, 
accurately replicating the sharp initial decline and long-term sta
bilization observed experimentally.

A comparison between Hermia-based models (Fig. 7(b) and (d)) 
and empirical decay models (Fig. 7(a) and (c)) reveals distinct 
behaviors in simulating membrane fouling resistance over time. 
Although Hermia's flux  decay equation resembles exponential 
decay mathematically, its direct application to resistance fitting 
yields poor agreement with experimental data. This discrepancy 
arises because Hermia models describe flux  decline via mecha
nisms such as pore blocking or cake formation, with resistance 
inferred indirectly from flux  measurements. In contrast, expo
nential decay models represent resistance growth as a direct, 
empirical, and continuous function, resulting in superior numer
ical fits.  Additionally, Hermia model parameters are interdepen
dent and sensitive to mechanistic assumptions, while exponential 
and logistic models feature independent parameters and can 
readily incorporate a resistance floor to replicate the experimen
tally observed long-term plateau. Thus, while Hermia models are 
valuable for mechanistic interpretation of fouling, empirical 
models such as exponential decay offer superior predictive accu
racy in discretized flux simulations.

The simulations show marked differences in model performance 
across membrane systems, emphasizing the critical influence  of 
membrane configuration on fouling dynamics and predictive 
modeling. For the tubular membrane, the exponential decay model 
demonstrated the highest predictive accuracy (R2 = 0.99), effec
tively capturing the sharp initial flux decline. In contrast, the power- 
law and logistic models performed poorly, with the logistic model 
producing near-zero R2 values despite its flexibility. This suggests 
that the simplicity of the exponential model and its focus on early- 
stage dynamics make it particularly well-suited for this specific 
configuration. Conversely, simulations for the flat sheet membrane 
exhibited markedly greater consistency across all resistance models. 
The logistic decay model provided the best fit to the experimental 
data, accurately capturing both the steep initial flux  decline and 
subsequent stabilization. The power-law and exponential models 
also performed reasonably well (R2 values of 0.81 and 0.76, 
respectively), reflecting  general trends in the data although with 
slight underestimation long-term stabilization.

The improved fit observed for the flat sheet membrane likely 
results from its simplified geometry, which promotes uniform flow 

and mild fouling conditions. Such uniformity minimizes spatial 
heterogeneity arising from complex flow patterns, curvature, and 
radial gradients inherent to the tubular system. This configuration 
provides a more predictable, predominantly two-dimensional 
flow, reducing local variations in transmembrane pressure and 
concentration polarization. Additionally, simplified geometry en
hances numerical stability and spatial resolution within the 
simulation grid, enabling more accurate coupling between resis
tance models and flux  predictions. Simulations incorporating 
Hermia's mechanistic models as resistance descriptors further 
corroborate these findings, as illustrated in Fig. 7(b) and (d). In the 
flat  sheet membrane system, the cake filtration  model demon
strated the best performance, with a robust R2 of 0.83. This result 
suggests that cake formation and intermediate blocking are the 
dominant fouling mechanisms in this configuration. This contrasts 
sharply with the tubular membrane, where none of the Hermia- 
derived models effectively captured the experimental trends. 
Notably, the empirical logistic decay model, despite lacking a 
mechanistic basis, achieved predictive accuracy comparable to the 
Hermia-based cake filtration model. This finding  reinforces the 
practical value of the logistic model for robust empirical fitting, 
particularly in scenarios where accurate prediction and compu
tational stability are prioritized over a detailed mechanistic 
interpretation.

The simplified structure and uniform shear environment of the 
flat sheet membrane promote better alignment with both empir
ical and mechanistic models. Although mechanistic models such 
as Hermia's are valuable for elucidating fouling physics, their 
complexity and susceptibility to instability render simpler, more 
robust empirical models —such as the exponential and logistic 
decay—more appropriate for the flat  sheet membrane. This fact 
highlights membrane configuration as a critical factor not only in 
influencing fouling mechanisms but also in determining the suit
ability and performance of different modelling approaches.

Given the experimental oil concentration in the emulsion 
(approximately 150 mg/L), initial oil permeability was set at 45% of 
the clean water value to reflect  partial pore blockage from the 
beginning of filtration. Fouling onset was delayed by 40 min after 
the start of filtration, followed by an exponential permeability 
decline at a rate of 9 × 10− 4 s− 1. Permeability ultimately stabilized 
at 15% of its initial value. This modeling approach successfully 
replicated both the initial flux decline and the long-term stabili
zation observed in the experimental data. The estimated oil 
retention of approximately 74% closely aligned with the experi
mentally measured rejection of 76% for the SPW-DO system when 
the logistic resistance model was employed. In comparison, the 
exponential model produced a lower retention value of 56%. These 
results support the conclusion that the logistic resistance model 
offers a more accurate representation of system behavior.

Applying the same approach used for the tubular membrane, 
the logistic resistance model was implemented for the flat sheet 
membrane. This approach yielded a calculated oil retention of 
approximately 84.8%, closely matching the experimentally 

Table 4 
Analysis of fouling models based on the R2 values of different resistance models, including the Hermia model.

Model type Tubular membrane Flat sheet membrane

Hermia models Standard blocking (− ) (− )
Complete blocking (− ) (− )
Intermediate (− ) (− )
Cake filtration (− ) 0.83

Empirical models Power law decay 0.05 0.81
Exponential decay 0.99 0.76
Logistic model (− ) 0.87

Note: (− ) denotes a value below 0.00.
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measured rejection of 86% for this system. By contrast, the expo
nential model produced a lower retention value of 78%. Thus, a 
comprehensive data analysis confirms  the logistic resistance 
model as the most suitable option for predicting fouling behavior 
in flat sheet membrane microfiltration of oil-contaminated solu
tions, considering the imposed resistance by the setup and stress 
conditions.

3.4. Integration of coagulation/flocculation and membrane 
separation processes in OPW-DO treatment

Fig. 8 shows the performance evaluation of tubular and flat 
sheet membrane applied to the combined treatment of OPW-DO, 
integrating flocculation followed by submerged-MF.

The results demonstrate the combined effectiveness of floccu
lation and submerged-MF in reducing turbidity and TOG in OPW- 
DO, replicating the treatment performance previously observed 
for SPW-DO (synthetic sample) in Section 3.3.1.

The initial sample exhibited elevated turbidity (924 ± 8 NTU) 
and a TOG concentration (154 ± 22 mg/L). Following flocculation 
with [AE] at 100 mg/L, turbidity decreased to 398 NTU and TOG to 
122 ± 6 mg/L, corresponding to only a 21% TOG removal (Fig. 8(a)). 
This flocculation  performance contrasts with that observed for 
SPW-DO under identical conditions, where TOG removal ranged 
from 76% to 84%. The reduced efficiency is likely due to the higher 
complexity of the real matrix used in OPW-DO, which includes 
metal ions, hardness (measured at 2.73 g/L), surfactants, and other 
chemical additives. Such components enhance oil droplet stability, 
hindering their separation via conventional flocculation 
(Eftekhardadkhah and Øye, 2013; Gao et al., 2011).

In the subsequent step, submerged-MF with the flat  sheet 
membrane reduced turbidity to 9 NTU and TOG to 1 mg/L, repre
senting complete removal (100%) relative to the initial sample. The 
tubular membrane achieved comparable efficiency, reducing 
turbidity to 5.71 NTU and TOG to 1 ± 1 mg/L. These results confirm 
that both membranes act as robust and effective barriers, even 
under the high contaminant load presented by OPW-DO. Notably, 
the final  TOG concentrations achieved after filtration were even 
lower than those observed in SPW-DO tests, highlighting the 

membranes’ capacity to compensate for reduced flocculation ef
ficiency  in complex matrices. The observed turbidity reduction 
further reinforces the overall process efficiency (see Fig. S3 in the 
Supplementary Material).

The submerged-MF system maintained high performance, 
likely due to synergistic effects arising from the complex compo
sition of real wastewater, which modified membrane surface in
teractions. Specifically, the ceramic membrane's intrinsic 
hydrophilicity was enhanced by the feed's chemical complexity, 
with dissolved organic compounds modifying interfacial tension. 
Additionally, particulates may have formed more permeable 
fouling layers than those observed in synthetic water tests. These 
combined effects enabled the MF system to compensate for the 
reduced flotation efficiency while maintaining effective treatment 
of actual industrial effluent.

Fig. 8(b) illustrates a declining flux  trend over time for both 
membrane configurations,  reflecting  fouling effects during 
submerged-MF operation. The tubular membrane exhibited a 
higher initial flux  (1336 L/(m2⋅h)) than the flat  sheet membrane 
(619 L/(m2⋅h)), possibly due to lower hydrodynamic resistance 
associated with its geometry. However, this configuration  was 
more susceptible to surface fouling, resulting in a sharp flux 
decline to just 1.4% of the initial value after 90 min. In contrast, the 
flat  sheet membrane demonstrated more stable performance, 
retaining approximately 3.1% of its initial flux  after 100 min of 
operation.

The flux  decline curve indicates that, despite its initial advan
tage, the tubular membrane experienced more severe fouling, likely 
due to greater material accumulation on its external surface. This 
behavior may be attributed to: (i) the convex geometry promoting 
preferential foulant deposition due to hydrodynamic pressure gra
dients, and (ii) the larger effective surface area exposed to particu
lates, increasing the pore blockage probability. This trend is further 
evidenced by post-cleaning flux recovery: the flat sheet membrane 
regained 100% of its initial flux,  whereas the tubular membrane 
recovered 32%, indicating more persistent or irreversible fouling, as 
supported by modeling presented discussed earlier.

Conversely, the flat sheet membrane exhibited a typical polar
ization layer formation pattern, as evidenced by complete flux 
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recovery after cleaning. Flux stabilization at similar flux values for 
both configurations after approximately 30 min suggests the sys
tem reached a dynamic equilibrium where: (a) the fouling layer 
acted as a pre-filter  for larger particles, and (b) hydrophilic in
teractions between the ceramic surface and the complex feed 
created an effective barrier to oil droplet penetration. This pseudo- 
steady state explains the comparable performance (>99% oil 
removal) achieved by both membranes, despite their different 
fouling mechanisms.

This consistent separation efficiency  despite reduced fluxes 
confirms  that membrane performance is primarily governed by 
the effective pore size following initial fouling layer formation. 
This phenomenon has critical practical implications, as flat sheet 
membranes exhibit greater operational resilience due to their 
reversible fouling behavior, as evidenced by consistent perfor
mance with both SPW-DO and OPW-DO. Although enhanced 
flocculation can enhance permeate flux, the membrane's intrinsic 
separation capability remains effective even with optimal pre
treatment, representing a key advantage for offshore installations 
dealing with variable produced water compositions.

4. Conclusion

This study demonstrated the feasibility of combining floccula
tion and submerged microfiltration (MF) processes for treating 
OPW under high salinity and elevated temperature conditions. The 
integrated system effectively reduced dispersed oil and turbidity 
in both synthetic and real emulsions, complying with offshore 
discharge standards (below 30 mg/L), even under suboptimal 
flocculation performance. A mechanism was proposed for highly 
saline media, involving partial neutralization or inversion of oil 
droplet surface charge, which enhances the performance of 
anionic flocculants in promoting droplet aggregation.

Membrane configuration  plays a crucial role in determining 
fouling behavior. Flat sheet membranes exhibited greater resis
tance to irreversible fouling and achieved complete flux recovery 
after cleaning, whereas tubular membranes were more susceptible 
to pore blockage. Mechanistic modeling using Hermia's approach, 
combined with empirical resistance simulations, provided insights 
into fouling dynamics and demonstrated that exponential decay 
models offer superior accuracy in predicting flux behavior.

From a scientific perspective, this study validates the proof of 
concept for the combined process (technology readiness level 3), 
advances understanding of fouling mechanisms in high-salinity 
oily wastewater treated via MF systems and confirms  the utility 
of integrated modeling tools for predicting flux behavior. From a 
practical standpoint, the findings  support the deployment of 
modular integrated systems in offshore settings, providing oper
ational flexibility and the adaptability to variable feedwater 
conditions.
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