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During the extraction of fossil fuels, a complex waste stream is produced simultaneously, also known as produced
water (PW). Membrane filtration is a promising technology that can successfully enable the treatment and reuse
of PW. Silicon carbide (SiC) membranes are preferred for PW treatment, due to their low (ir)reversible fouling
compared to other ceramic membranes. However, full SiC membrane is expensive and thus economically less
feasible. Therefore, we established a method for coating SiC on alumina (AlyO3) ultrafiltration membranes, based
on low-pressure chemical vapor deposition at 860 °C. In the presented study the fouling resistance and behavior
of these novel membranes, with various pore sizes and under different operating conditions, including flux and
crossflow velocity, were evaluated. We also used Al,03 membranes and SiC-coated Al,O3 membranes in constant
flux mode to treat real oilfield PW with high salinity (142 mS/cm) and COD (22670 mg/L). Additionally, the
fouling mechanisms in the SiC-coated and Al,O3 membranes were analyzed with the help of Focused Ion Beam-
Scanning Electron Microscopy imaging. The major findings were that pore blockage served as the initial (irre-
versible) fouling mechanism and that the (reversible) cake layer, a mixture of organic and inorganic components,
dominated the rest of the filtration cycle, where the SiC coated membrane performed better than the original
alumina membrane. In addition, it was found that the application of the SiC coating, and the selection of the
appropriate pore size (62 nm) and crossflow velocity (0.8 m/s) increased the fouling mitigation, potentially
advancing the utilization of ultrafiltration in treating saline PW for reuse purposes.

1. Introduction

The substantial amount of produced water (PW), generated from the
oil and gas industry, represents a source of oily wastewater that poses a
threat to marine ecosystems [1-3]. Several authors have studied various
treatment technologies to enhance PW reuse [4-9]. Microfiltration (MF)
[4], electro flocculation [5], ultrafiltration (UF) [6], membrane distil-
lation [7,8], electrodialysis (ED)[9], adsorption [10], and advanced
oxidation [10] are some of the methods that have been documented.
Regarding oil, grease, and colloidal particle removal, membrane sepa-
ration technologies appear promising for pretreating PW for desalina-
tion. However, fouling is the primary challenge for PW treatment using
membranes, caused by the accumulation of particles and/or oil droplets
on the membrane surface or within its pores. Water quality, operational
conditions, and membrane properties influence the extent of fouling,
resulting in permeability reduction during PW treatment. The main
water characteristics determining the severity of fouling on the

membrane surface are the content of organic matter, measured as total
organic carbon (TOC), suspended solids, measured as total suspended
solids (TSS), salts, measured as total dissolved solids (TDS), and oil and
grease concentrations. In addition, the particle size of the suspended
solids in water can play a determining role during membrane fouling
[4,5]. Additionally, hydrodynamic and operational conditions, such as
cross-flow velocity (CFV), operational flux, and backwash conditions,
affect membrane fouling [11]. Finally, the fouling severity is related to
the pore geometry, hydrophilicity, and surface charge of the membrane
[12].

Polymeric membranes, including polyvinylidene fluoride (PVDF),
polysulfide (PS), and polyether sulfone (PES), are commonly used for
PW filtration [4,6,13]. He et al. reported that PVDF (polyvinylidene
difluoride) MF membranes have successfully been applied for treating
shale flowback water, which consisted of the injected fracturing fluid
and the connate water of the formation [4]. However, ceramic mem-
branes have gained popularity in treating PW due to a higher
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mechanical and chemical stability, compared with polymeric mem-
branes [14-17]. These ceramic membranes have been produced from
various materials, including zirconium oxide (ZrO), alumina (AlyO3),
and titanium oxide (TiO2)[12,18]. Zsirai et al. have reported that,
although SiC MF membranes showed the highest water flux during
filtration of the PW at constant pressure mode, they also showed the
largest fouling, compared with SiC UF and TiO, UF/MF membranes.
This was attributed to its highest initial flux, which was observed to be
ten times greater than that of other ceramic membranes at the same
pressure [14]. In practice, water treatment plants operate in a constant
flux crossflow mode to avoid buffering after or before the other treat-
ment steps, and to date, fouling of SiC MF/UF membranes treating real
PW in constant flux crossflow mode has, to the authors’ knowledge, not
yet been studied.

During the treatment of PW with high salinity, the hydrophilicity of
the membrane plays a crucial role in membrane fouling, since it has been
reported that the zeta potential of oil droplets in PW is close to 0 mV
when the NaCl concentrations of PW are higher than 50,000 mg/L [19].
Therefore, some studies have focused on the improvement of the hy-
drophilicity of membranes by modification techniques, such as low-
pressure chemical vapor deposition (LPCVD) [20] and atomic layer
deposition (ALD) [21] on the pristine membranes, to alleviate mem-
brane fouling and achieve a better filtration efficacy. These studies have,
however, mainly focused on the effect of hydrophilicity on reversible
fouling because of practical reasons. Field Emission Scanning Electron
Microscopy (FE-SEM) typically provides surface images and, thus,
cannot directly access the internal structure of the ceramic membrane
and cannot provide insight into the third dimension (depth) of the
fouling layer [22]. However, Focused Ion Beam-Scanning Electron Mi-
croscopy (FIB-SEM) is a powerful tool for visualizing irreversible fouling
by producing artifact-free cross sections with high-resolution (5-10 nm)
ultrastructural details [23], allowing for quantitative comparison across
the different membranes [24], but, to the authors’ knowledge, has not
yet been applied to ceramic membranes.

Pretreatment processes to alleviate the fouling, such as sedimenta-
tion, coagulation, and rapid sand filtration, are mostly performed before
the UF process [25]. In the present study, for the first time, direct
ceramic UF of real PW was conducted, using the SiC-coated UF mem-
branes in constant flux mode. We established a method for producing
SiC-Al,03 UF membranes based on LPCVD. Firstly, the effect of the
salinity on membrane fouling was determined by filtering the synthetic
O/W emulsions. Secondly, the fouling resistance and behavior were
evaluated under various pore sizes and operating conditions (flux, CFV)
using two types of real PW with varying water quality. Finally, the (ir)
reversible fouling transition mechanisms were investigated using FIB-
SEM images.

2. Materials and methods
2.1. Materials and synthetic O/W emulsions preparation

Sodium hydroxide (1.09141, Sigma-Aldrich, the Netherlands) and
citric acid (251275, Sigma-Aldrich, the Netherlands) were chosen for
the chemical cleaning of the fouled membranes. Detailed information
about the chemicals and procedure of the synthetic O/W emulsion
preparation is included in the supporting information S1.

2.2. Membrane preparation

Commercial single-channeled tubular Al;03 membranes were pur-
chased from CoorsTek, the Netherlands of which the selective and
support layers are made of a-alumina. The pore sizes of the two selective
layers and the support layer, as provided by the manufacturer, are 100,
200, and 600 nm, respectively. The alumina membranes with these pore
sizes exhibited measured permeabilities of 350 + 10, 478 + 21, and 985
+ 64 Lm2h'bar !, respectively.
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SiC-coated membranes were prepared by LPCVD. A schematic of the
LPCVD system is shown in Fig.S1; Dichlorosilane (SiH2Clz) and acety-
lene (C2Hy) were chosen as precursors for the SiC layers deposition. The
deposition temperature was 860 °C, the precursors flow ratio (SiHCly
/CoHy) was 6.7 and the deposition time was 20 min [26], as recom-
mended for the formation of polycrystalline SiC [27,28]. The pristine
100, 200, and 600 nm Al,03 membranes and the corresponding SiC-
coated membranes are referred to as A0, A0-200, A0-600, A20, A20-
200, and A20-600, respectively.

2.3. Membrane characterization

The water contact angle (WCA) of the A0 membranes and A20
membranes was determined by Dataphysics OCA25, Germany. The zeta
potential of flat sheet A0 and A20 membranes, with salinities from 10
M to 10'2M, was measured by SurPASS 3 (Anton Paar, Graz, Austria),
which was coated in the same way as the tubular membrane. In addition,
as it is difficult to measure the zeta potential of the membrane at high
salinity (10'M) by SurPASS 3, the zeta potential of the membranes at
10"'M salinity was estimated using the Freundlich ion adsorption model
[29], as shown in Fig.S2. SEM measurements of virgin and fouled
membranes were conducted using FEI Nova NanoSEM 450 and Energy
Dispersive X-ray (EDX) spectroscopy. FIB-SEM images were acquired
using a 10 kV accelerating voltage and an 800 pA ion beam. The actual
mean pore size was obtained by capillary flow porometry (Porolux™
Revo, IBFT GmbH, Germany).

2.4. Produced water characterization

Two types of PW, provided by the Norwegian Technology company,
were characterized. The first PW sample (PW A) was collected from the
Mongstad refinery, originating from the Troll field. The second PW (PW
B) was a mix of batches obtained from the SAR Dusavik offshore base
collected from various oilfields in southern Norway. The PW samples
were kept at a temperature of 4 °C until they were further processed.
Typically, the PW from oil fields tends to exhibit high levels of TOC and
salinity compared to the PW from gas production facilities [30]. We
primarily analyzed membrane fouling caused by high-salinity PW B,
with relatively low-salinity PW A as the control group for comparison.

The pH and electrical conductivity of the PW were respectively
measured by multiparameter benchtop meters (inoLab® Multi 9630 IDS
— WTW). The droplet sizes and distributions were measured using a
Bluewave particle size analyzer (Microtrac, USA). TSS and TDS in the
feed and permeate water were measured following the Standard
Methods [31]. The measurement and rejection of oil and COD concen-
tration of both feed and permeate are described in the supporting in-
formation (Fig. S3 and Fig.S4).

2.5. Estimation of threshold flux

The threshold flux was estimated using the flux stepping method
[32,33]. The average TMP (TMP,yg) was then calculated and used to
determine the threshold flux. Fluxes ranging from 20 Lm2h ™! to 55 Lm"
2h~1, with intervals of 5 Lm2h ™!, were employed in the flux stepping
tests, and each step lasted 20 min.

2.6. Fouling experiments with synthetic and real produced water

2.6.1. Constant permeate flux crossflow fouling experiments

A constant permeate flux crossflow setup (Fig. 1) was employed for
synthetic O/W emulsions and real PW filtration experiments. The
concentrate stream was recirculated to the feed during filtration, having
a negligible effect on the feed concentration, while the feed pump pro-
vided a stable permeate flux (DDA12-10, Grundfos, Denmark). The
constant CFVs were controlled by a circulation gear pump (VerderGear
Process H1F, Verder Liquids, the Netherlands). The fouling experiments
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Fig. 1. Schematic view of filtration set up with constant flux.

consisted of six cycles, each with three stages. The first stage was to
filtrate the PW at a specific flux for 20 min. In the second stage, the
fouled membranes were backwashed at a constant backwash flux, being
approximately 1050 Lm2h~!. Based on the membrane’s permeability,
the fouled A0 and A20 membranes were backwashed for 30 s with
demineralized (DI) water under 3 and 5.25 bar, respectively. The third
stage involved forward flushing the membrane with feed PW water for
15 s at a CFV of 0.8 m/s to remove and replace the feedwater.

2.6.2. Data analysis

The fouling resistance of the pristine A0 and coated A20 membranes
was calculated based on the resistance-in-series model [34,35], as
shown in Eq. (1), Eq (2), Eq. (3), Eq. (4) and Eq. (5):

TMP
Ri=——=Rn+R +Ry 1)
uJ
R, — TMP, @
uJ
TMP
R =~ ®)
wJ
TMP, TMP,
Ry = - 4
" u 4
Rr = R[ - Rm - Rir (5)
TMP
TMPnormalized = WP@ (6)

Where TMP, represents the TMP needed to achieve the required flux
with a clean membrane, TMP; refers to the TMP after each cycle, and
TMP, reflects the TMP following the backwash processes, R; (m™Y, R,
Ry, Ry denotes the overall resistance, reversible fouling resistance,
irreversible fouling resistance, and intrinsic membrane resistance. The
value of R, was obtained by conducting filtration experiments using DI
water. The value of R; was calculated by using the final filtration pres-
sure at the end of each filtration cycle. After backwashing the fouled
membranes using DI water for 30 s, the R; was calculated by subtracting
the TMP, from TMP; and then dividing the result by the viscosity and
permeate flux. The R; value was then determined by subtracting the sum

of Ry and Ry, from R;. The normalized TMP was calculated using the TMP
to divide the TMPy, as indicated in Eq. (6).

3. Results and discussion
3.1. Characteristics of the raw produced water

Characteristics of the real PWs are shown in Table 1. The results
indicate that PW B contained higher levels of COD (22670 + 524 mg/L)
than PW A (9160 + 168 mg/L). The conductivity of PW A (51.2 + 2.6
mS/cm) was comparable to that of the feed water in a seawater desali-
nation plant (52.8 + 0.2 mS/cm) [36]. By comparison, PW B’s con-
ductivity (142.1 + 4.2 mS/cm) and TDS (105567 + 1066 mg/L) were
about three times higher than those of seawater and similar to those of
the PW from a well site in Midland, USA [6]. Based on the particle size
distribution analyses of the PW, the mean particle sizes of PW A and B
were 0.24 + 0.09 and 4.85 + 0.84 um, respectively (Fig. 2). For PW A,
particles smaller than 10 um accounted for 90.6 % of the total volume;
for PW B, this proportion was only 59.4 % (Fig. 2). The difference in
water characteristics between the two PWs may lead to varying degrees
of membrane fouling.

3.2. Fouling of membranes by synthetic O/W emulsions at various
salinities

The effect of the salinity on the fouling of both membranes (A0 and
A20, respectively) was conducted by adding 10" M NaCl, 102 M NaCl,
and 10 M NaCl + 10 M CaCl, to the O/W emulsions stabilized with
SDS (Fig. 3). As shown in Fig. S5, these emulsions had similar particle

Table 1

Characteristics of the raw PW.
Parameters Raw (PWA) Raw (PW B)
Turbidity 234 £ 19 4032 + 62
pH 7.44 £ 0.29 8.29 £ 0.21
Conductivity (mS/cm) 51.7 £ 2.6 142.1 + 4.2
COD (mg/L) 9160 + 168 22670 + 524
TOC (mg/L) 1856 + 47 5335 +£ 122
Mean particle size (um) 4.22 £ 0.09 11.31 +1.84
TDS (mg/L) 30833 + 1389 105567 + 1066
TSS (mg/L) 4567 + 1327 8067 + 2185
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absolute values of the zeta potential of the O/W emulsion, which showed

35 = PWA a decrease from —50.7 £+ 0.6 mV to —31.5 + 0.8 mV, respectively, with

an increase in salinity from 10" M to 10 M (Table.S1). In the mean-

30F time, as depicted in Fig. 3e, the zeta potentials of the A0 and A20
25| membranes decreased from 50.1 + 1.6 mV to —17.6 + 1.5 mV and
—55.4 + 1.2 mV to —25.5 + 1.3 mV, respectively. The AO membrane

ool surface charge changed from slightly positive (3.0 + 0.5 mV) to highly
- negative (-50.1 + 1.6 mV) probably due to the adsorption of the SDS
g 15 [26]. The surfactant molecules form a layer at the surface of the hy-
o drophilic AO membrane, with their negative head groups oriented to-
> 10 F ward the surface. Subsequently, the second layer is adsorbed on the first
layer, orienting the adsorbed surfactant with the negatively charged,

0.5 - hydrophilic head groups to the solvent, making the hydrophilic surface
even more hydrophilic and negatively charged [38]. The results are

0.0 - consistent with previous studies, which reported that the absolute zeta

05 ) . ) potential of the membrane decreased with the increase in salinity

- 10 100 1000 10000 100000 [37,39,40]. The WCA increased from 27° 4+ 1.2° to 54° £ 2.6° (Table.
S1) with the salinity increase from 10"! M to 10 M, indicating sodium

Diameter (nm)

Fig. 2. The particle size distribution of the (a) PW A and (b) PW B.

size distributions. It can be observed that the fouling in the A20 mem-
brane appeared to be lower, compared to the A0 membrane, probably
due to the more negatively charged surface. With the addition of NaCl
from 101 M to 10° M (Fig. 3 a-b,d,f), the fouling of the A0 and A20
membranes increased as the salinity increased. This increased fouling
can be explained by the compression of the diffuse double layer of
positive ions around the negative oil droplet and the simultaneous
compression of the diffuse double layer on the surface of the negatively
charged membrane with increased salinity and thus ionic strength,
resulting in a lower negative charge of both the O/W emulsion and the
membrane [37]. The above explanation is supported by the results of the

ions interacted with the hydrophilic group of the membrane surface, and
that the salinity affected the hydrogen-bonding structures of the O/W
emulsions [41].

With the addition of the Calcium ions (Ca2+), irreversible fouling was
higher than at other salinity levels (Fig. 3c and Fig. 3f). Ca*tare
commonly present in PW, while membrane fouling can be accelerated
by divalent cations such as Ca%*, which cause the diffuse double layer to
compress more than monovalent ions [42]. In addition, Ca®* and the
sulfate group of SDS may react with each other, forming a complex
[43,44], thus increasing the irreversible fouling [45]. However, the
irreversible fouling of the A20 membrane was still lower than that of the
A0 membrane (Fig. 3c) since a lower zeta potential of the A20 mem-
brane (—29.4 mV), compared to the AO membrane (—19.0 mV), was
measured (Fig. 3e), although the repulsion was weaker than without
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Fig. 3. The normalized TMP curves of the AO and the A20 membrane during the filtration of synthetic O/W emulsions at varying salinity: (a) 10> M Nacl, (b) 102 M
NaCl, (c) 10 M NaCl + 102 M CaCly, (d) 10" M NaCl. (e) Zeta potential of the A0 and A20 membranes with varying salinity and ion compositions. (f) The
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adding Ca®".

3.3. Effects of flux on membrane fouling by real produced water

The threshold flux of the A0 and A20 membrane, when filtering PW
B, were 39 and 42 Lm™h !, respectively (Fig. $6), thus, three distinct
permeate fluxes were chosen, approximately at and higher than the
threshold flux, being 30, 40, and 50 Lm'zh’l, respectively, to study the
effect of permeate flux on membrane fouling by PW B (Fig. 4). At a flux
of 30 Lm?h ™!, which was lower than the threshold flux, the interactions
between foulants and membrane led to pore blockage of the AO mem-
brane, followed by the formation and continuous growth of the revers-
ible cake layer on the membrane surface [46]. However, the SiC coating
probably inhibited the deposition of the hydrophobic foulants, slowing
down the cake layer formation. In addition, the starting point of the
normalized water permeance curves of the A0 membrane showed a
downward shift with each cycle, this trend was not observed in the A20
membrane, indicating that irreversible fouling existed in the A0 mem-
brane and not in the A20 membrane (Fig. S7 a and b). When the flux
exceeded the threshold flux (50 Lm'zh’l), the interactions between the
foulant and the deposited foulant probably represented the dominant
fouling mechanism, which is supported by the FBI-SEM images as pre-
sented in Section 3.6, leading to the formation of an (oily) cake layer and
a consequent rapid increase in TMP. At the same time, the high TMP
probably led to the compaction of the cake layer, and forced the small-
sized foulants into the membrane pores, leading to increased irreversible
fouling of the A0 and A20 membranes, as confirmed by every cycle’s
lower initial normalized permeance (Fig. S7 c). At this high flux, hy-
draulic cleaning is still effective in removing the foulant cake layer,
which can be confirmed by the relatively low irreversible fouling
compared with reversible fouling and the high permanence recovery
(PR). The normalized permeance (64 % PR) of the A20 membrane was
still higher than that of the AO membrane (47 % PR) in the final cycle at
50 Lm>2h! (Fig. S7). Moreover, the PR of the A20 membrane after
backwashing with DI water was as high as 95 £+ 2 % of the original
permeability at 40 Lm2h ™!, suggesting promising backwashing effi-
ciencies and implying its suitability for long-term separation of the PW
(Fig. S7). In addition, Fux and Ramon have reported that during filtra-
tion experiments at fluxes lower than the threshold flux, the oil droplets
are spherical, and can be easily removed by forward crossflow flushing.
However, when the flux exceeds the threshold flux, the droplets deform
and cause irreversible fouling inside the membrane pores [47].

3.4. Effects of crossflow velocities on membrane fouling

The membrane filtration performances, filtering PW B under
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16 « A2 a
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different CFVs (0.4, 0.8, and 1.2 m/s) were compared at 50 Lm2h~ L,
This high flux is preferred in full-scale installations because a smaller
membrane surface is needed to treat PW. At low CFV (0.8 m/s), the
higher TMP at the constant flux of 50 L m2h ™! probably compacted the
cake foulants, thereby facilitating the development of a denser, low
porosity cake layer [48], impacting permeability, since the hydraulic
resistance of the cake layer is highly influenced by its porosity. As shown
in Fig. 5a, increasing the filtration CFVs from 0.8 to 1.2 m/s reduced the
TMP increase rate (dTMP/dt), thus alleviating membrane fouling, as
also reported by Hube et al. [49]. The reversible fouling was dominant
for both the A0 and A20 membranes (Fig. 5b). However, much higher
reversible fouling was observed for the AO membrane than for the A20
membrane at different CFVs. The A20 membrane, for example, exhibited
much lower reversible fouling (22.1 x 102 m _1) than the AO membrane
(54.9 x 102 m 1) at the CFV of 0.8 m/s. This can be explained by the
higher hydrophilicity of the A20 membrane compared to the AO mem-
brane, which is confirmed by the WCA, decreasing from 37° (A0) to 18°
(A20) (Fig.S8). Since the zeta potential of the PW is close to 0 mV when
the salinity of PW is higher than 50,000 mg/L [19], a low adhesion to
the hydrophilic A20 membrane therefore led to a thin cake layer. The
reversible fouling further decreased from 16.88 x 102 m ~! to 3.97 x
102 m ~! for the A20 membrane when the CFV increased from 0.8 m/s
to 1.2 m/s, respectively (Fig. 5b). The increased turbulence and shear
forces close to the membrane surface apparently reduced the concen-
tration polarization, preventing further accumulation and deposition of
foulants onto the membrane [50]. This is supported by an increase of the
Reynolds number (Re) from 3573 to 5359 (Table.S2), and the flow
patterns changed from Laminar-turbulent flow to turbulent flow since
the turbulent flow is typically characterized as Re greater than 4000
[51]. In addition, the oil rejection by the A0 membrane increased from
98.4 £+ 0.3 % to 99.0 £+ 0.5 % with an increase in CFV from 0.4 m/s to
0.8 m/s, indicating an increased oil droplet concentration near the
membrane at lower CFV, see Fig. S9b. This phenomenon was also
observed for PW A (Fig. S10b), where the oil rejection increased from
96.5 + 0.6 to 98.2 + 0.4 % at CFVs of 0.4 m/s and 0.8 m/s, respectively,
while high CFVs lead to much higher consumption. It thus indicates a
cross-flow (0.8 m/s) of Reynolds number about 3573 as an optimal
cross-flow regime.

3.5. Effects of membrane pore size on membrane fouling

At the constant pressure filtration mode, Liu et al. reported that MF
membranes with larger pore sizes are more susceptible to membrane
fouling compared to UF membranes when filtering the PW [52]. How-
ever, in the present study, the UF membrane (A0, A20) showed higher
fouling tendencies compared with the MF membrane (A0-600, A20-

45

C1R0R) - b
L EJA0R)

CJA20R)

AR,

Normalized fouling resistance (10m™")
- = N N w w B
(=] L4, o o o o o
T T T T T

@
T

=

30 40 50
Flux (LMH)

Fig. 4. The normalized (a) fouling curve and (b) resistance of the A0 and A20 membranes for the filtration of PW B at the flux of 30, 40, and 50 L m~2h~! with CFV of

0.8 m/s.



G. Qin et al.

24 | ¢ A0(0.4m/s,Re=1787)

. A20 a
2o | ¢ A0(0.8mis, Re=3573)
- A2 .
20 * A0(1.2mis, Re =5359) . ¢
+ A20 . . : ¢
18 | . ¢ . .
: . .
16 | :
¢ : . Ze
14 | . .

[S3N]
T T

Normalized TMP (bar)
(=]

Time (min)

Separation and Purification Technology 362 (2025) 131841

60

JA0R) b

] EJaoro
Teoll | AR
E Ao ®)
©
Z
840
=
il
2
3
= 30
jo]
£
]
L2
T 20
[}
N
©
£
O 10 -
=z

0
04 0.8 1.2

Crossflow Velocity (m/s)

Fig. 5. The normalized (a) fouling curve and (b) resistance of the A0 and A20 membranes for the filtration of PW B at the CFVs of 0.4, 0.8, and 1.2 m/sat 50 L m™

2h— 1.

600), as shown in Fig. 6a. The observed, initial sharp permeance decline
can be explained by adsorption and deposition of foulants smaller than
the membrane pore sizes into these pores, followed by a slow and steady
permeance decline due to the progressive cake layer formation on the
membrane surface [53]. As can be observed, the cake layer only partly
covered the A0-600 membrane surface at the end of the filtration cycle
(Fig. 7a). In addition, it can be observed that the cake layer surface was
rough (Fig. 7b), with a thickness of 1.5 um, and the sandwich structure
of the cross section of the membrane is visible, with the three layers
representing the porous cake layer, pore blockage, and open pores
(Fig. 7c and d). Finally, it can be observed that oil rejection increased as
membrane pore sizes decreased (Fig. S9c¢), and the A0 (41 nm) and A20
membrane (35 nm) achieved oil removal efficiencies of 99.5 + 0.3 %
and 99.7 + 0.2 %, respectively (Fig. S9c).

The A20-600 (139 nm) and A0-600 (181 nm) membranes showed the
lowest oil rejection percentages, being 98.2 + 0.2 % and 97.6 + 0.3 %,
respectively (Fig. S9¢). This can be explained by the oil droplets forming
a cake layer on the membrane surface, which effectively helps reject
small-sized oil droplets. The formation of the cake layer was assessed by
measuring the oil rejection at the following time intervals: 0 to 3, 3 to 6,
and 6 to 20 min in the initial experiment cycle. The results (Fig. S11)
indicated a slight increase in oil rejection from 94.3 £+ 0.5 % to 98.4 +
0.3 % for the A0-600 membrane in the initial cycle, which verified the
cake layer formation. The significant proportion of external fouling,
which accounts for 95.2 % of the total fouling resistance (Fig. 6),
confirmed that cake filtration was the dominant fouling mechanism, and
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the fouling alleviation was enhanced by increasing pore size. A similar
trend was noted in the A20-200, A0-600, and A20-600 membranes. The
particle size of the particles in the permeate was close to the average
pore size of the membranes, as shown in Table.S3, indicating the size
exclusion played a critical role in rejecting particles in the feed. Addi-
tionally, there was a reduction in irreversible fouling with increasing
pore sizes since, at larger pore sizes, a lower TMP led to less deformation
of the oil droplets, so they were not pressed into the pores. Given the
fouling resistance and the excellent oil rejection with 99.4 + 0.3 % (PW
B) after cake layer formation, the A20-200 membrane was an optimal
choice for separating the PW B. However, for PW A with a smaller size
distribution at 11.7 % of the size below 80 nm (Fig. 2), the oil rejection
for the A20, A20-200, and A20-600 membranes was 99.1 + 0.4 %, 96.9
+ 0.5 %, and 89.6 + 1.5 %, respectively (Fig.S10 and Fig.S12). The A20
membrane is therefore a promising choice. These findings indicated that
choosing membranes with appropriate pore sizes should be prioritized
over a high initial permanence to achieve low fouling tendency and
considerable separation efficiency.

3.6. Characterization of the fouling layer

SEM analysis was performed on the virgin and fouled A0 and A20
membranes to characterize the chemical components and structures of
organic components in the cake layers. The top-view surface image of
the virgin AO and A20 membranes shows a porous structure (Fig. 8a and
¢). In addition, the FIB-SEM images show that, after a filtration time of 3
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Fig. 6. The normalized (a) fouling curve and (b) resistance of the Al,O3 membranes (A0, A0-200, A0-600) and the SiC-coated membranes (A20, A20-200, A20-600)

for the filtration of PW B at 40 L m2h™! with the CFV of 0.8 m/s.
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Fig. 7. Top view SEM images of fouled A0-600 membrane with a scale bar of (a) 10 um and (b) 3 pm. The cross-section FIB-SEM image of A0-600 membrane with a

scale bar of (c) 20 ym and (b) 4 um.

min, a cake layer was not formed on the surface of the AO membrane,
and the thickness of the pore blockage area was only 1 ym (Fig. 8 e-h).
However, as depicted in Fig. 8 h, a cake layer with a thickness of 4 + 1
um was formed on the AO membrane with 3-5 um pore blockage depth
after a filtration time of 20 min because the fouling layer was com-
pressed by the permeate drag force and hydraulic pressure [54],

indicating the severe fouling induced by the foulants. This fouling layer
was confirmed by the EDAX line scan of element C for the cross section
of the AO membrane (Fig.S13). During the vacuuming stage of the SEM
sample preparation, the loss of volatile component resulted in the
visualization of a fouling layer being composed of colloidal (e.g. the
heavier hydrocarbons existing in crude oil [55]), KCl/NaCl crystals and

Cake Layer

Fig. 8. (a) Top view SEM images and (b) cross-section FIB-SEM images of the clean A0 membrane. (c) Top view SEM images and (d) cross-section FIB-SEM images of
the clean A20 membrane. (e) Top view SEM images and (f) cross-section FIB-SEM images of the fouled AO membrane at the filtration time of 3 min. (g) Top view SEM
images and (h) cross-section FIB-SEM images of the fouled AO membrane at the filtration time of 20 min. (i) Top view SEM images and (j) cross-section FIB-SEM
images of the fouled A20 membrane at the filtration time of 3 min. (k) Top view SEM images and (1) cross-section FIB-SEM images of the fouled A20 membrane at the

filtration time of 20 min.
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non-volatile organic foulants, as indicated by the EDAX analysis of the
foulant layer (Fig.S14) and ions in the feed water (Table.S4), since,
amongst others, the elements C, O, Fe, Na, Mg, Al, Si, Cl, K, and Ca, were
found in the foulant layer. According to the EDAX analysis, organic
compounds (23.61 %) were predominant (Fig. S14). Meanwhile, the
A20 membrane exhibited moderate fouling, characterized by a loosely
attached porous cake layer covering its surface after a filtration time of
20 min (Fig. 8k). These observations confirmed that pristine Al,O3
membranes were more susceptible to fouling. The PW is alkaline (pH =
8.4), causing inorganic salts to precipitate and resulting in membrane
fouling [56]. The results of the element mapping also showed that K and
Cl had a similar distribution, probably due to the formation of the KCI
crystals in the dried membrane samples (Fig.S15). The membrane sur-
face of both A0, and A20 membranes after backwash was clean, and
fouling was not observed (Fig. S16). The support layer of the A0 mem-
brane also remained clean without observable foulants (Fig. S17), which
confirms that the oil droplets probably did not deform and pass through
the membrane pores in the condition that TMP is smaller than the
critical pressure [57]. As shown in Fig. S18, the microporous structure
and the internal fouling of the AO membrane in the top of the separation
layer were not visible in the FE-SEM images, due to limitations in the
cutting techniques, which resulted in an uneven membrane cross-
section. Further surface polishing was needed for visualization. Over-
all, the FIB-SEM images offer a clear visualization of the evolution of
membrane fouling, allowing for a quantitative assessment, and
comparing the fouling of the A0 and A20 membranes.

3.7. Comparison of membrane fouling with two types of oily wastewater

The threshold flux of the A0 and A20 was 41 Lm2h ™! and 48 Lm’
21, respectively, for the filtration of PW A (Fig.519), which was higher
than when filtering PW B. Fig. 9 shows that with a higher salinity and
COD (PW B), compared with PW A, a higher (ir) reversible fouling can
be observed for both the A0 and A20 membranes. A dense and compact
cake layer was probably formed when filtering PW B due to the elec-
trostatic shielding effect [58]. In addition, the decreased electrostatic
repulsion between the foulants and membrane surface reduced the
distance between the droplets, and promoting coalescence of the drop-
lets [59]. However, the A20 membrane still exhibited a lower (ir)
reversible fouling compared to the AO membrane.

The oil rejection of PW A (99.3 £ 1.1 %) was a little lower than the
oil rejection of PW B (99.6 + 0.5 %), probably due to the smaller oil
droplet sizes, see Fig. 2. The COD oil rejection of the PW A by the A0 and

A
18
e AD(PWA)
16 e A20 (PWA) .
[ e AO(PWB)
e A20 (PWB) ¢
14 |
. L]
= ° °®
§ 12 : @ o
3 Y
Tior ,: 3 ) LA °%
[ 4
= : % S 2 % &
o 8 ° »* g :. : [N
'g :‘ ..:o :‘ s :’
T© 6| 0 & (Y r) 9,
£ [ ®,
5 24 4 28, &
Z 4L r’
&
2+
0 -
. L . . . . .
0 20 40 60 80 100 120
Time (min)

Separation and Purification Technology 362 (2025) 131841

A20 membranes was 78.9 + 2.7 % and 76.4 + 1.6 %, respectively,
which is also lower than the oil rejection PW B, with 81.7 £+ 1.1 % for the
A20 membrane and 78.7 + 1.3 % for the AO membrane, respectively
(Fig.S20 and Fig.S21). The TSS concentration is below 8 mg/L in both
the permeate of the A0 and A20 membranes for PW A and PW B,
showing a rejection over 99 % (Table S5).

3.8. Long-term filtration performance

Fig. 10 shows that direct ceramic UF of PW using the A20 membranes
allowed for a continuous long-term operation of 24 h (72 cycles), under
a flux of 40 Lm?h ™! and a CFV of 1.2 m/s. The reversible fouling was
dominant and could be easily cleaned by physical cleaning (e.g., back-
wash). Typically, direct ceramic UF needs regular physical actions such
as backwashing combined with chemical cleaning. After immersing the
A20 membrane in 0.1 M sodium hydroxide and 0.1 M citric acid for 1 h,
respectively, the irreversible fouling was effectively removed, and the
permeability of the A20 membrane was recovered to 98.2 + 0.4 %.

3.9. Comparison of the ceramic MF/UF membrane for PW treatment

Table 2 summarizes various hydrophilic ceramic membranes used
for PW treatment, highlighting their pore size, filtration mode, and oil
rejection performance. The SiC-deposited membranes fabricated in this
study exhibit smaller pore sizes and demonstrate effective oil removal at
various salinity and COD levels compared to ceramic UF/MF mem-
branes. Moreover, to the anthors’ knowledge, this study is the first to
apply SiC membranes in constant flux mode for PW treatment, utilizing
the smallest pore size (35 nm) reported among SiC membrane [14,60].

4. Conclusion

Al,03 and SiC-coated membranes with different pore sizes to treat
both synthetic and real oilfield produced waters (PWs) were studied in a
constant flux mode. The SiC-coated membrane was successfully oper-
ated for one day, only by backwashing the membrane every 20 min,
confirming the validity of direct ceramic UF of PW with SiC-coated
membranes. In addition, the SiC-coated membrane showed high effi-
cacy in removing organic compounds (>80 %) and inorganic particles
(>99 %) with a lower (ir)reversible fouling, compared with Al,O3
membranes, induced by size exclusion and electrostatic repulsion, and
less adsorption. The permeate with over 99 % oil removal was feasible
even after 72 manual cycles (24 h) and met the standards for reinjection
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Fig. 9. The normalized (a) fouling curve and (b) resistance of the AO membranes and the A20 membranes for the filtration of the PW A and the PWB at 50 L m2h!

with the CFV of 0.8 m/s.
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Fig. 10. The fouling curve of the A20 membranes for 24 h during the filtration of the PW B at the flux of 40 Lm™?h~! with the CFV of 1.2 m/s.

Table 2
Comparison of the ceramic membrane-based PW treatment technologies.
Material Pore size Filtration mode 0il Ref
(nm) rejection
(%)
ZrOqy 1000 Constant pressure (2 >97.22 [61]
bar)
ZrO5-TiOy 5 Constant pressure (1.4 >99.9 [62]
bar)
ZrO, 78 Constant pressure (1 98.8 [11]
bar)
Al,03 200 Constant pressure (2.5 99 [63]
bar)
TiO4 50 Constant pressure (0.4 80 [14,60]
bar)
SiC 500 Constant pressure (0.4 73 [14,60]
bar)
SiC- 139 Constant flux (40 Lm" 97.6 This
deposited %h 1 work
SiC- 62 Constant flux (40 Lm" 98.2 This
deposited h 1 work
SiC- 35 Constant flux (40 Lm" 99.7 This
deposited 2p 1 work

or reuse in future desalination processes. The fouling mechanisms in SiC-
coated and Al,O3 membranes were also analyzed with the help of FIB-
SEM imaging, concluding that pore blockage was the initial fouling
mechanism, and (reversible) cake layer fouling dominated the rest of the
filtration cycle for both the SiC-coated and the Al;03 membranes.
Finally, it was concluded that employing the SiC coating and selecting
the appropriate pore size (62 nm A0-200), and CFV (0.8 m/s) based on
the properties of the PW is beneficial for fouling mitigation, potentially
advancing the utilization of UF in treating PW for reuse purposes.
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