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Membrane modification is commonly applied in water purification and wastewater treatment to reduce fouling
of membranes. However, the influence of fouling test methods on evaluating pristine and modified membranes is
often overlooked. This study investigates fouling behavior of alumina and SiC-deposited alumina membranes
during oil-in-water emulsion filtration under both constant flux and constant transmembrane pressure condi-
tions. Threshold flux was first determined using flux-stepping experiments, with the 90-min SiC-deposited
membrane showing the highest value at 95 L m~2 h™!. In single-cycle constant flux tests, fouling trends
aligned with threshold flux data. However, when backwash was included, fouling characteristics shifted and
depended on the permeate flux. Enhanced hydrophilicity and surface charge improved backwash efficiency in
modified membranes. Yet, extensive modification negatively affected performance due to significant permeance
loss (>57 %). Under constant pressure, fouling was dominated by internal pore blocking, and backwash effi-
ciency was solely linked to membrane permeance, regardless of surface properties. Thus, constant flux filtration
with backwash best reflects operational conditions and is recommended for evaluating membrane modifications.

1. Introduction

Among the membrane technologies, microfiltration (MF)/ultrafil-
tration (UF) are widely used for drinking water production [1,2],
wastewater treatment [3,4] and pretreatment for high-pressure nano-
filtration (NF) and reverse osmosis (RO) processes [5,6], due to their low
energy requirement and small footprint. In addition, MF/UF are also
considered to be one of the most effective ways to deal with oil-in-water
(O/W) emulsions [7-15].

The filtration mechanism for MF/UF is mainly based on size exclu-
sion [16]. During the filtration process, suspended particles, colloids and
oil droplets are retained on the membrane surface or in the pores. This
leads to the membrane fouling, which could cause a series of negative
effects such as a decline of water production or a higher operational
pressure due to an increased mass-transfer resistance [17]. As a result,
the capital and operational costs increase due to higher energy con-
sumption, requiring chemical cleaning of the fouled membranes and
shorter membrane unit’s service life. It is therefore important to mitigate
membrane fouling during the filtration process.
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Various techniques may be used to alleviate membrane fouling. The
feed may be pre-treated by dosing additives (e.g., coagulant and floc-
culant) or oxidants (e.g., permanganate, chlorine) to reduce the amount
of foulants that may block the membrane pores [18-20]. However, this
can increase the operational costs due to the need of additional unit
operations. Operational parameters, such as cross-flow velocity,
permeate flux, and transmembrane pressure (TMP) can be adjusted to
reduce foulant build-up on the membrane surface, but it cannot solve the
fouling problem [17].

Membrane modification is considered to be one of the most prom-
ising methods to reduce membrane fouling [8]. This is normally ach-
ieved by building a fouling resistant surface on the membrane support.
Various methods, such as surface coating [21,22], surface grafting [23],
physical doping/blending [24] and surface deposition [7,25], have been
adopted to construct such surfaces. The newly constructed surface can
change the physicochemical properties of the membrane to minimize
the negative interaction between the foulants and membrane surface,
thereby decreasing fouling. This is typically realized via enhancing the
surface hydrophilicity and electrostatic interactions between the
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foulants and membranes in light of the fact that most of the foulants in
nature are hydrophobic and charged in the aquatic environment [26].

Nevertheless, a higher mass-transfer resistance is commonly
observed in MF/UF membranes after modification, due to either a
decrease in membrane pore sizes or an increase in the selective layer
thickness of the membrane. Therefore, the permeance of the modified
membranes is usually smaller than that of the pristine membranes [27].
To effectively evaluate the extent of fouling mitigation for a modified
membrane, the fouling rate during filtration and the fouling state after
cleaning should be determined. There are two different filtration modes,
namely constant TMP filtration and constant flux filtration (Fig. 1).
Constant TMP filtration is more frequently used in a laboratory envi-
ronment as it is relatively easy to perform. With a fixed TMP, the
permeate flux of the membrane declines as it fouls. In contrast, constant
flux filtration is preferred in industrial practice to maintain a constant
production flow. To maintain the desired permeate flux, the TMP in-
creases over time as the membrane fouls.

As the permeance is different for the modified and pristine mem-
branes, fouling on the membrane surface or in the pores may be affected.
As schematically shown in Fig. 1, due to the smaller permeance, the
initial TMP and flux of the modified membrane are, respectively, higher
and lower than that of the pristine membrane in constant flux mode and
constant TMP mode [28,29]. As fouling is affected by the initial states,
the higher initial flux through a pristine membrane may lead to more
fouling in constant TMP mode [28]. Differences in the flux of filtration
naturally occur for membranes with different permeances, making a fair
comparison difficult. In comparison, in constant flux filtration mode, the
higher initial TMP of the modified membrane also has a negative effect
on fouling, making the comparison beneficial for membranes with a
higher permeance [30].

Therefore, in both filtration modes, membrane fouling is affected by
the variations of initial states of the membranes with different per-
meance. In a previous study, Miller et al. [29] compared the fouling of
polymeric membranes at, respectively, constant TMP and constant flux
modes for O/W emulsions. Mass-transfer resistance changes during
fouling were compared at various fluxes for the two filtration modes. At
low fluxes, the fouling resistance and its change were independent of the
operational mode. In contrast, the change in fouling resistance was
much higher in constant flux filtration than in constant TMP filtration
experiments at high flux conditions. Although it was confirmed that
membrane fouling could be affected by filtration modes, the effect of
membrane permeance and the irreversible fouling (fouling that cannot
be removed by physical or hydraulic cleaning) was not considered. More
recently, Blankert et al. [28] also compared the fouling of membranes
with different permeance at the two operational modes. The results
showed that a bias may occur for a less-permeable membrane in con-
stant TMP filtration mode due to a lower filtration flux. Hence, constant
flux filtration experiments were recommended for fouling evaluation.
However, the study focused solely on single-cycle filtration and did not

TMP

backwash

Time

Constant flux mode
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consider the impact of irreversible fouling, despite its known role in
increasing energy consumption and operational costs in full-scale setups
[31,32]. Any modifications made could potentially influence membrane
performance, particularly the irreversible fouling due to the newly
formed functional layer. The combination of both factors (the decrease
of permeance and the potential decrease of fouling by the newly formed
selective layer) will finally determine the performance of a modified
membrane.

To systematically evaluate membrane performance before and after
surface modification under both constant flux and constant TMP filtra-
tion modes, we selected alumina membranes with and without a silicon
carbide (SiC) coating. The membranes were challenged with an O/W
emulsion. Oily wastewater is considered more challenging to treat than
other types of wastewaters due to the complex composition of its water
matrix, which includes surfactants, organic pollutants, ions, and sus-
pended solids [33]. The hydrophobic nature of oil droplets causes them
to readily adsorb onto polymeric membrane surfaces, leading to fouling
and reduced efficiency [34,35]. As a result, ceramic membranes are
often preferred for oily wastewater treatment because of their inherent
hydrophilicity and higher resistance to fouling [36,37]. Among ceramic
membranes, SiC membranes are reported to exhibit superior fouling
resistance during O/W emulsion separation [38-40]. This enhanced
performance is attributed primarily to the abundance of hydroxyl groups
on the SiC surface, which confer strong hydrophilicity. Furthermore, SiC
possesses a low isoelectric point (pH 2-3), resulting in a highly nega-
tively charged surface [41,42]. These properties are crucial to alleviate
membrane fouling during filtration of O/W emulsions.

In our previous work, we have developed a low-pressure chemical
vapor deposition (LPCVD) technique for SiC layer deposition onto Al;03
membrane surfaces and within their pores, thereby altering their prop-
erties and permeance [25]. Varying deposition times yielded mem-
branes with different permeance levels. The novelty of this study lies in
the comprehensive evaluation of membrane performance under both
constant flux and constant TMP filtration modes. Specifically, threshold
fluxes—defined as the flux values beyond which membrane fouling rates
sharply increase—were first determined for each membrane type. Sub-
sequently, membrane fouling behavior was systematically investigated
under operating conditions both below and above these threshold fluxes
in constant flux filtration mode. Additionally, by maintaining equal
driving forces at two different TMPs and comparing membranes with
equal initial fluxes but different driving forces, the study eliminated the
impact of varying initial filtration fluxes. Finally, the fouling mecha-
nisms of the membranes were respectively identified for constant TMP
and constant flux filtration experiments.

Flux

backwash

Time
Constant TMP mode

Fig. 1. Possible filtration profiles of the pristine membrane (M1) and the modified membrane (M2) at constant flux (left) and constant TMP (right) conditions.
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2. Materials and methods
2.1. Materials

Mineral oil (330760), and sodium dodecyl sulphate (SDS) (> 99 %)
were ordered from Sigma-Aldrich. Sodium chloride (NaCl) (99 %, Baker
Analyzed) and citric acid (99.9 %, powder) were ordered from VWR.
NaOH (0.1 M) was ordered from Merck. All chemicals and solvents were
used as received without further purification. Demineralized water
(produced by a reverse osmosis filter, a candle filter and a resin vessel),
was used to prepare the aqueous solution and to rinse the filtration
system and membrane samples.

2.2. Ceramic membranes

Commercial Al,O3 membranes (CoorsTek, the Netherlands) were
used as supports for LPCVD deposition. These membranes have a nom-
inal pore size of 100 nm with an inner and outer diameter of 7 mm and
10 mm, and a length of 150 mm. The LPCVD process was conducted at
Else Kooi Lab, TU Delft. The details of the LCPVD equipment and
deposition parameters have been given in our previous work [25]. In
brief, a thin SiC layer was deposited onto the inner surface of the Al-O3
tubes using dichlorosilane (SiH2Clz) and a C-Hz/H: gas mixture as pre-
cursors, at a deposition temperature of 750 °C and a pressure of 80 Pa.
To produce SiC-coated membranes with varying permeance, the layer
thickness was controlled by adjusting the deposition time. Three
different deposition times (60, 90 and 120 min) were chosen to obtain
the SiC-deposited membranes with varying permeance, as detailed in
Table 1. For simplicity, the membranes are referred to as DO, D60, D90,
and D120, corresponding to their respective deposition times.

2.3. Membrane characterization

Zeta potential measurements were performed to characterize the
surface charge of the membranes using a SurPASS electrokinetic
analyzer (Anton Paar, Graz, Austria). The instrument operates by
measuring the streaming potential across the membrane surface, and the
corresponding zeta potential is calculated using the Helmholtz-Smo-
luchowski equation [43]. A 1 mM solution of potassium chloride (KCI)
served as the electrolyte. All measurements were carried out at the same
pH as that of the O/W emulsion to ensure consistency with the filtration
conditions.

The water contact angles of the membranes were measured by a
contact angle measurement machine (Dataphysics OCA20, Germany).
Atomic force microscopy (AFM) (Dimension Icon, Bruker, USA) was
used to determine the surface roughness of the membranes.

2.4. Oil-in-water emulsion

O/W emulsions were prepared by mixing mineral oil, SDS and NaCl
in demineralized water. To make sure that the feed characteristics were
consistent for each experiment, a stock emulsion was prepared with the
following steps. First, 0.053 g NaCl was added in 0.9 L demineralized
water and stirred for 10 min, afterwards, 0.9 g SDS was added to the

Table 1

Characteristics of the Al,O3 membranes before and after SiC deposition.
Membrane  Deposition Selective  Pore Membrane Permeance
label time layer size” Resistance (Lm2h7!

(min) (nm) (x 10" bar ™)
m1)

DO 0 a-Al,O3 71 10 350 £ 10
D60 60 SiC 60 14 250 £ 15
D90 920 SiC 54 18 200 + 20
D120 120 SiC 47 24 150 + 10

2 . the data is from Chen et al. [7].
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NaCl solution. When SDS was totally dissolved, 4.5 mL mineral oil was
added and continuously stirred with a magnetic stirrer (L23, LABINCO,
the Netherlands) at a speed of 1500 rpm for 24 h. To improve emulsi-
fication and homogenization, the O/W mixture was further treated with
an energy-intensive sonifier (Branson 450) at an intensity of 40 % for
30 min.

The stock emulsion was diluted 10 times in 1 mM NaCl solution to
obtain a final oil concentration of 400 mg L™}, SDS of 100 mg L' and
NaCl of 1 mM for filtration experiments. Each filtration run was finished
on the same day to reduce the effect of oil droplet aggregates or coa-
lescence. The pH and conductivity of the emulsions were 5.6 and 156 s/
cm, as measured by a multi-meter sensor (inoLab™ Multi 9420 - WTW).
The emulsion has an oil droplet size distribution in a range 1-10 pm
(Fig. S1) and zeta potential of —90 mV, which were analyzed with a
particle size analyzer (Bluewave, Microtrac, USA) and a Malvern Zeta-
sizer Nano ZS (Malvern Instruments Ltd., UK), respectively.

2.5. Fouling experiments with O/W emulsions

2.5.1. Constant flux crossflow fouling experiments

The fouling of the membranes was first tested using a constant flux
crossflow fouling apparatus, as detailed in Chen et al. [25]. The effective
filtration area of each membrane module was 0.003 m2. A constant
permeate flux was maintained using a diaphragm pump (DDA12-10,
Grundfos, Denmark) installed on the feed side. To ensure consistent
hydrodynamic conditions, a crossflow velocity of 0.44 m s was applied
using a circulation pump (VerderGear, Verder B.V., The Netherlands), as
established in our previous study [25]. During the filtration, the
concentrate valve was closed and the oil concentration in the closed loop
(150 mL) gradually increased with filtration time (e.g., 120 mL
permeate was produced in 30 min at a flux of 80 Lm~2 h™%). Two
pressure transducers (GS4200-USB, ESI, UK) were installed on the two
sides of the membrane module to monitor the TMP during filtration
process. The TMP increased with time due to membrane fouling and
increased mass transfer resistance.

The filtration experiments were conducted at room temperature (22
=+ 3 °C). The system was first cleaned with water to remove any residual
chemical and air before loading the membrane module. The initial
permeance of the membrane was determined with water at the same
permeate fluxes as used for O/W filtration. Prior to formal fouling ex-
periments, the threshold flux of each membrane was first determined by
the flux stepping experiments as recommended in literature [44-46]. In
this protocol, the membrane was initially operated at a low, constant
flux of 40Lm™ h™' for 10 min. The flux was then incrementally
increased by 10Lm™ h™' every 10 min. This stepwise increase
continued until reaching a final flux of 110 L m h™*, at which point a
sharp rise in fouling was observed, indicating the onset of rapid mem-
brane fouling. Between each flux step, the membrane was backwashed
at 3 bar for 15 s to remove the possible accumulated fouling from the
previous flux step. To check if backwash affects the fouling character,
the membranes were respectively tested with a single-cycle filtration at
fluxes below and above the threshold flux and multi-cycle filtration with
backwash, at three permeate fluxes (Table 2).

In single-cycle filtration, the experiments were extended for a longer
period compared with the multi-cycle filtration experiments to differ-
entiate the fouling between membranes. For multi-cycle filtration, the
fouling experiment for each membrane consisted of six cycles. Each
filtration cycle included three sequential phases: 1) Filtration at a
specified flux for a pre-set time (Table 2), 2) Hydraulically reversible

Table 2
Permeate flux and the corresponding filtration time per cycle for constant flux
multi-cycle filtration experiments.

Flux L. m 2h™Y) 80 90 100
Time (min) 30 20 18
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fouling cleaning by backwashing the membrane module at a fixed
pressure of 3 bar for 15 s using demineralized water, 3) Forward flush
the system with feed emulsion for 15 s to clear residual liquids.

2.5.2. Constant TMP crossflow fouling experiments

Constant TMP crossflow fouling experiments were performed with a
setup shown in Fig. 2. Unlike the constant flux experiment, only one
pump (VerderGear, Verder B.V., the Netherlands) was used to pump the
feed solution through the membrane module. The feed flow rate was
monitored using a flow meter (Zhongjiangenergy-efficient electronics
co., Itd., China) and a same crossflow velocity (0.44 m s’l) was used as
in the constant flux experiment. Two pressure transducers from ESI
(GS4200-USB, UK) were used to monitor the pressures on two sides of
the membranes. The TMP and crossflow velocity of the system were
adjusted by controlling the speed of feed pump and a pressure control
valve (FDV30KTZ, KNF) (downstream of the membrane module)
simultaneously. In addition, a backwash vessel filled with demineralized
water was installed at the permeate side. A fixed pressure of 3 bar was
used to remove hydraulic reversible fouling of the membrane for 15 .

Permeate from the membrane module was collected in a beaker on a
digital balance (FZ-3000iWP, A&D company). The change in mass was
automatically recorded every 30 s to the computer and therefore the
permeate flux of the membrane was calculated by the following Eq. (1):

AM

= 1
J pAAL )

Where J is the flux (L m~2 h’l), AM is the mass of permeate during a
filtration period of At, p is the density of permeate and A is the effective
filtration area of the membrane (0.003 m?2).

To begin a constant TMP fouling experiment, the membrane was first
tested with demineralized water for 10 min to get a stable permeate flux
at the setting pressures. Afterwards, the feed line was switched to the O/
W emulsion to initialize the fouling experiment.

The fouling experiments in constant TMP mode were executed in two
ways. First, all membranes were respectively compared at the same
driving forces of 0.5 bar and 1 bar for three cycles. Each cycle lasted
20 min. In this case, the permeate flux was lower for the less permeable
membranes. Afterwards, fouling experiments with different driving
forces were adopted to obtain similar initial fluxes for all membranes
(Table S1). These experiments consisted of six cycles with a duration of
20 min each.

2.6. Membrane cleaning

Following each fouling experiment, the membranes were chemically
cleaned using a sequential treatment with a 0.01 M sodium hydroxide
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(NaOH) solution and a 0.01 M citric acid solution, each applied at 65 °C
for 1 h, as described in previous studies [47,48]. Between these cleaning
steps, the membranes were rinsed with demineralized water three times
to remove residual chemicals. If chemical cleaning alone did not fully
restore membrane performance, an additional thermal regeneration step
was carried out by heating the membrane at 200 °C for 2 h in a muffle
furnace (Nabertherm Controller P 300, Germany).

2.7. Data analysis

Normalized TMP, permeance and flux were employed to make the
comparison between the different membranes possible, as variations in
the initial pressure and flux existed among the membranes with varying
permeance. The permeance recovery (R,) of the membrane after back-
wash was calculated using Eq. (2):

R, =Py/P, )

where P; (L m~2 h~! bar™1) is the initial permeance of the membrane
after i backwash cleaning, Py (L m~2h ! bar 1) is the initial permeance
of the clean membrane.

The oil concentration of the samples was measured by a UV/Vis
spectrophotometer (GENESYS 10S UV-Vis, Thermo scientifical, US) at
275 nm. The membrane rejection was determined as follows:

R =(1-Cy/Cp x 100% 3

where R is the membrane rejection, C, (mg/L) is the oil concentration in
the permeate and Cy (mg/L) is the oil concentration in the feed.

In addition, the fouling of the membrane was analysed using the
unified membrane fouling index (UMFI (m?/L)), as described in Eq. (4).
A detailed description of the UMFI can be found in a previous work [49].
1

5= 1+ (UMED) x V, 4
N

where J;’ represents the normalized specific permeate flux and V; (L/m?)
is the unit permeate volume. A higher UMFI value means a higher
fouling rate present in a membrane during filtration of an O/W
emulsion.

2.8. Membrane fouling analysis

To investigate the fouling mechanisms of membranes caused by oil
droplets, various fouling models were employed in both constant TMP
and constant flux filtration experiments. Specifically, for constant TMP
crossflow filtration, the widely accepted model developed by Field et al.
[50], as detailed in Eq. (5), was utilized. Note that this model was

e

Pressure control valve

O/W emulsion

Compressed air

Flow meter ’
2

Pressure meter

Membr; module

2 m

— Filtration

Demineralized water ---- Backwash

l._ ____________ J

Beaker E _— ﬁ

Digital balance Data acquisition system

Fig. 2. Constant TMP crossflow filtration setup for O/W emulsion separation integrated with backwash.
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developed for non-deformable spherical particles that are large enough
with negligible back diffusion.

dJ

-~ oy m-2
= —kU—J

%)
where J (m/s) is the permeate flux of the membrane, J* is the critical
flux of the membrane, k is fouling constant, n is the index and t is the
filtration time (s).

According to Hermia’s theory, the fouling mechanism of the mem-
brane can be classified into complete pore blocking (n = 2), standard
pore blocking (n = 1.5), intermediate pore blocking (n = 1) and cake
filtration (n = 0). By substituting the n value into Eq. (4) and rear-
ranging, we can derive the following four equations:

Complete pore blocking (n = 2):

J=T+{o— J) xel* (6)
Standard pore blocking (n = 1.5):
1
- @)
1 2
( st kit)
Intermediate pore blocking (n = 1):
J= J”‘/[l - (J‘)_Ji” x exp(—Jkit)] (8)
0
Cake filtration (n = 0):
1 /(L Yo )N (1 1
kltfl/J [ln(Jox U= J 7T ] 9

where Jj is the initial flux of the membrane (m/s). Since Jy and J* are
constant, Eq. (9) can be further simplified to Eq. (10):

kt=K 10

Journal of Environmental Chemical Engineering 13 (2025) 117823

Jo=— J9) [ 1 1
(EJ—J*) )_J (i_x)]'

In the context of constant flux crossflow filtration, the fouling
mechanisms were determined to predominantly involve intermediate
pore blocking, cake filtration, or a combination of both, as proposed by
Kirschner et al. [51]. The standard pore blocking and complete pore
blocking models are not considered in this work since they are not
realistic to result in constant flux with progressive blocking of pore
opening and inner pores [51]. Eq. (11) and (12) are the models repre-
senting intermediate pore blocking and cake filtration mechanisms.

where K =1/ J*z[ln(ﬁ X

1D

i i

AP = Apo/[kl +( 7kl) x exp( — k;Bt)]

AP = APy (1 + kiJt) 12)

where AP is the transmembrane pressure (N/m?), APy is the initial
transmembrane pressure (N/m?), k; and k; are the intermediate pore
blocking constant and cake filtration constant, B is particle resuspension
rate (s’l), J is the permeate flux (m/s), and t is the filtration time (s).

3. Results and discussion
3.1. Threshold flux determination

The results of the flux stepping experiments and the threshold fluxes
of all membranes are shown in Fig. S2 and Fig. 3. The threshold fluxes of
the membranes were determined using the method recommended by
Kirschner et al. [44]. The pristine Al,03 membrane exhibited a threshold
flux of 93 L. m~2 h™. After a deposition of a SiC layer for 60 min, the
threshold flux of D60 decreased to 86 L m~2h~!. With a further increase
in deposition time to 90 min, the threshold flux of D90 increased to
95Lm 2 h™'. However, the threshold flux of the membrane (D120)
decreased to 85 L m~2 h™! when the deposition time was extended to
120 min. Therefore, D90 was considered to be the membrane with

0.6 0.9
A B
0.8t
0.5} -
o] e 3 0.7 [
[ | 59
S04t S 06t
g Jthreshold =93 LMH %0'5 [ ‘Jthreshold =86 LMH
o 0.3f o
= = 04r
[= =
0.2} 0.3}
0.2}
01 1 1 1 1 1 1 1 1 0 1 L 1 1 L 1 1 1 1
40 50 60 70 80 90 100 110 120 40 50 60 70 80 90 100 110 120
Permeate flux (L m? h™") Permeate flux (L m2 h™")
0.9 = 1.4 =
[ |
0.8¢ 121
0.7}
5 LMH 5§
5 06 threshold T = o8t Jthreshold =85 LMH
205} -
D-N n-tﬂ
S 04f s 06
[= =
0.3 04t
0.2} 0.2l
01 40 50 60 70 80 90 100 110 120 40 50 60 70 80 90 100 110 120

Permeate flux (L m?h™)

Permeate flux (L m?2 h™")

Fig. 3. Threshold flux determination from flux stepping experiment. (A) DO, (B) D60, (C) D90, and (D) D120. TMP,,; was calculated as the arithmetic mean of all
TMPs recorded during each flux step. Based upon the slope of the TMP,,/flux relationship, the data were separated into two regions. The intersection of two

regression lines was identified as the threshold flux (Juhreshold)-
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highest fouling resistance.

The morphology and surface roughness of the membranes before and
after modification were investigated in our previous work [7,25]. No
significant differences were observed in surface morphology or rough-
ness among the membranes (see AFM images in Fig. S3). However, the
deposition resulted in a reduced pore size and a narrower pore size
distribution [25]. More importantly, the surface hydrophilicity and
negative surface charge increased following the modification (Table S1
and Fig. S4, supporting information) with a greater impact on surface
charge than on surface hydrophilicity as deposition time increased. For a
short deposition time (60 min), the membrane (D60) was endowed with
a slightly negatively charged and more hydrophilic surface. This may
lead to the alleviation of membrane fouling. However, deposition also
decreased the membrane pore sizes, resulting in a lower water per-
meance. Therefore, the membrane had to be operated at a higher pres-
sure to maintain the same flux as the pristine membrane. The
electrostatic repulsion in the D60 membrane was apparently not strong
enough to compensate for the loss of water permeance, leading to a
decrease in threshold flux. When the deposition time was increased to
90 min, a much higher negative charge was observed for D90
(-36.47 mV) as compared with D60 (-20 mV) (Table S1). Such a
considerable increase in the zeta potential of the membrane would result
in a much stronger electrostatic repulsion between the membrane sur-
face and oil droplets [52]. In this case, apparently, the effect of elec-
trostatic repulsion outweighed the loss of water permeance of the
membrane, leading to a slightly higher threshold flux than that of the
Aly,03 membrane. Compared with D90, a further increase in the depo-
sition time of SiC layer had little effect on enhancing the zeta potential of
the membrane (D120). However, the pore size reduction made the water
permeance of the membrane even smaller (Table 1), leading to a
decrease in the threshold flux again. The decrease in threshold flux, due
to extensive surface modification (e.g., higher concentrations of modi-
fying agents or longer deposition time), was also observed in the pre-
vious studies [44,45]. Kasemset et al. [45] studied the effect of
polydopamine (PDA) coating on the threshold flux of hydrophobic
polysulfone UF membranes. PDA is a highly hydrophilic material that
enhances membrane surface hydrophilicity even at low initial concen-
trations or short coating times. The increased surface hydrophilicity of
the membrane made it more resistant to fouling by hydrophobic oil
droplets under a given shear force. A higher threshold flux was thus
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observed. However, at higher initial PDA concentrations or with longer
coating times, the threshold flux of the modified membranes decreased
due to a significant reduction in water permeance.

From the above results, it was thus concluded that the threshold
fluxes of the pristine Al,O3 and SiC-deposited ceramic membranes were
in the following order: D90 > DO > D60 > D120.

3.2. Fouling comparison at constant flux

3.2.1. Single-cycle filtration

Constant flux crossflow single-cycle filtration was performed on
alumina membrane (D0) and SiC-deposited membranes (D60, D90 and
D120) using an O/W emulsion feed to evaluate differences in total
fouling among the membranes. Fig. 4 presents the normalized TMP
evolution as a function of filtration time at 60, 80, 90, and 100 L m™2
h~L. These fluxes are, respectively, either below or above the threshold
flux of the membranes. As shown in Fig. 4A, at 60 Lm 2 h’l, the
normalized TMP of all membranes increased linearly over 1 h filtration
time at a slow rate. Except for D120, the fouling curves of the other three
membranes overlapped, indicating that the fouling rate was similar,
which was confirmed by the UMFI values of the membranes (Fig. 4E).
Since 60 L m~2 h™! is well below the threshold flux, fouling progressed
slowly, allowing the membranes to maintain relatively stable long-term
operation. Similar results were also reported when using polymeric
membranes for filtration O/W emulsion at fluxes below the threshold
flux [44,46].

When the membranes were operated at 80 Lm 2 h™}, a distinct
difference was observed as compared with the condition at 60 L m™2
h~!. All membranes experienced a relatively constant slow increase in
TMP in the first 20 min, followed by a rapid rise, indicating a substantial
increase in fouling rate. The UMFI values of all membrane were also
much higher than those at 60 Lm~2 h™?. Since 80 L m 2 h™! was still
below the threshold flux, a slow and constant increase of TMP was to be
expected [52]. However, because the membranes were operated in a
closed loop crossflow filtration system, the oil concentration increased
with filtration time, probably accelerating the fouling of the membranes
[53]. In addition, it can be expected that pore blockage was the main
fouling mechanism during the initial slow, linear TMP increase stage
[54]. To maintain the constant flux over the entire filtration area, the
flux through the open pores increased, leading to fouling acceleration
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[55], in this case, after 20 min.

At 90 L m~2 h_l, the rapid increase in (normalized) TMP occurred
earlier for all membranes, as expected [56]. In addition, from Fig. 4C it
can be observed that the TMP increase was higher for D60 and D120,
since 90 L m~2 h™! was above their threshold flux. The lower TMP in-
crease of D90 was attributed to its high threshold flux. The higher
fouling resistance of D90 was also reflected in its UMFI values, as a much
slower increase in UMFI (Fig. 4E) was observed compared to other three
membranes when the flux increased from 80 to 90Lm 2 h™1. At
100 L m 2 h™!, a similar TMP increase order was observed except that
the extent of TMP increase of D60 was close to that of D120. Overall, the
extent of the TMP increase and the UMFI values in the membranes
during single-cycle filtration of an O/W emulsion were consistent with
their threshold flux values.

3.2.2. Multi-cycle filtration

Fig. 5 illustrates the permeance recovery of all membranes after each
backwash during emulsion filtration at three different fluxes. A
decreasing trend was observed as the number of backwash cycles
increased, suggesting a gradual buildup of hydraulically irreversible
fouling. Furthermore, a more pronounced decline in permeance recov-
ery after each backwash was observed for all membranes at higher
permeate fluxes. This indicates that the applied flux not only influenced
the permeance decline during filtration but also affected the effective-
ness of the backwash process.

At80Lm 2h! (Fig. 5A), the permeance recovery of D120 after the
first backwash was a little smaller than that of the other membranes.
However, with more backwash cycles, the permeance recovery of D120
considerably decreased, only reaching 85 % after the 5th backwash,
while the other three membranes had a high permeance recovery of
95 %. During the single-cycle filtration experiment, the difference in
fouling among all membranes was relatively small at the flux of
80 L. m~2h~L. Therefore, the permeance recovery could be related to the
backwash efficacy. Due to the inherent properties of SiC, polar in-
teractions between the membrane surface and oil droplets were
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expected to be reduced. As a result, fewer oil droplets adhered to the
modified membrane surfaces compared to the unmodified alumina
membrane. This trend was evident for the mildly modified membranes
(D60 and D90). However, despite having the most negatively charged
surface, the D120 membrane exhibited lower permeance recovery after
backwashing than the other membranes.

The low permeance recovery of D120 can be ascribed to its low
permeance, requiring a higher transmembrane pressure (TMP) to ach-
ieve an equivalent flux as the other membranes. This elevated TMP
could potentially overcome electrostatic repulsive forces, leading to
increased droplet deformation and stronger adhesion to the membrane
surface (Fig. 5D). Additionally, since backwashing was conducted at a
constant pressure (3 bar), it was likely less effective for the less
permeable membrane (D120). The gradual accumulation of foulants
may have further accelerated membrane fouling by diminishing the
electrostatic repulsion between the fouled surface and incoming foulants
[57].

Therefore, in a multi-cycle filtration experiment, using the same
backwash flux for all membranes can facilitate the comparison of their
cleaning efficacy. This is because the backwash flux is the driving force
that removes the cake layer from the membranes. However, the per-
meance of the membranes will affect the cleaning efficacy. By increasing
the backwash pressure of the low permeable membranes, the backwash
cleaning will be more effective for the deposited membranes, particu-
larly D120, when the same backwash flux is used.

As shown in Fig. 5B, at 90 Lm? h’l, the higher permeate flux
possibly caused a stronger drag force acting on the oil droplets, which
consequently led to more irreversible fouling [7]. As a result, the per-
meance recovery of the pristine Al;O3 membrane (DO) was the lowest
after each backwash due to the lack of electrostatic repulsion between
the membrane and oil droplets. In addition, although D60 had a higher
permeance than that of D90, its negative surface charge was much lower
than that of D90 (Table S1). Therefore, the adsorption of negatively
charged oil droplets on D90 was expected to be weaker than that of D60,
leading to a higher permeance recovery during backwash [58,59].
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Compared with D120, D90 had a higher permeance and a similar
negative surface charge. As a result, the permeance recovery of D90 was
higher. The higher backwash efficacy of D60 compared to D120 in-
dicates that the effect of permeance outcompeted the influence of
enhanced surface charge (Fig. 5D). According to the study by Vroman
et al. [60], a critical backwash flux existed to reach a high backwash
efficacy during ultrafiltration of a bentonite suspension. Above the
critical backwash flux, the backwash became effective. The low back-
wash efficacy of D120 was probably due to the backwash flux being
below the critical backwash flux.

At100 L m 2 h?, the same backwash efficacies were observed as at
90 L. m 2 h™L. The permeance recovery of D90 was much higher than
that of the other membranes, indicating that D90 was best resistant
against fouling.

Overall, the fouling of the membranes was affected by several fac-
tors, i.e., permeate flux and membrane properties, especially when
backwash was involved. Without backwash (single-cycle filtration),
fouling of the membrane was mainly determined by the interactions
between the membrane surface and the foulants. With backwash,
however, considerable improvement on fouling control was obtained for
the mildly modified membranes (D60 and D90). Similar results were
reported by Ma et al. [61,62], who found that for filtration of carbox-
ylate modified latex by membranes, fouling was not strongly dependent
on the membrane surface chemistry without backpulsing. However,
when backflushing was applied, the permeate volume was respectively
increased by 10 % and decreased by 20 % when the modified membrane
and particles had like and opposite charges, compared with the un-
modified one.

3.3. Fouling comparison at constant TMP

3.3.1. Same driving force

The SiC-deposited membranes and Al,O3 membrane were compared
at two different TMPs (0.5 and 1 bar) for O/W emulsion filtration, as
shown in Fig. 6. At 0.5 bar, a flux decline was observed for DO and D60
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(Fig. 6A). In comparison, the fluxes of D90 and D120 did not change
with the filtration time, indicating that no fouling occurred in these
membranes. When a constant TMP (0.5 bar) was applied, DO exhibited
the highest initial flux, reaching up to 150 L m~2 h™!. This flux was
significantly higher than the threshold flux of DO and likely led to the
development of both reversible and irreversible fouling (internal pore
blocking). The initial flux of D60 was approximately 100 L m~2h !, also
exceeding its threshold flux. However, unlike DO, the flux of D60 was
almost fully recovered after backwashing, indicating that the fouling
was primarily hydraulically reversible. The initial fluxes of D90 and
D120 were around 70 and 60 L m ™2 hfl, which were well below the
threshold fluxes of the membranes. As a result, the fouling hardly built
up on the membrane surface.

At 1 bar, flux declines of all membranes were observed. The initial
fluxes of all membranes were higher than their threshold fluxes, as
depicted in Fig. 6B. Due to its higher initial flux, the flux decline of DO
was much higher than the decline of the other three membranes. As the
fouling curves of the SiC-deposited ceramic membranes overlapped
(Fig. 6B), the normalized flux was presented in Fig. 6C, to better illus-
trate the fouling and flux recovery of the membranes. As shown, D120
had the smallest flux decline and the highest flux recovery, followed by
D90, D60 and DO. This suggests that the less permeable membranes
exhibited higher flux recovery and experienced less fouling, regardless
of their surface properties. For membranes with higher permeability,
internal pore blocking may occur more readily due to the higher initial
flux. However, it should be noted that under constant TMP conditions,
membranes with lower permeance also produced less permeate.
Consequently, the reduced fouling observed in these membranes may be
partly attributed to their lower throughput [28]. Comparison at the
constant TMPs with a similar initial flux is thus needed to have a better
assessment of the membrane fouling.

3.3.2. Equal initial fluxes at constant TMP
Fig. 7 illustrates the permeance recovery of membranes after each
backwash based on equal initial fluxes (167-175 L m—2 h’l) (Table S2)
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at constant TMP. In contrast to the results observed under the same
driving forces, DO exhibited the highest flux recovery among the
membranes, followed by D60, D90, and D120. One possible explanation
for this phenomenon is that the applied initial flux was significantly
higher than the threshold flux for all membranes, leading to similar
fouling accumulation during the filtration process. Membranes with
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higher permeance, such as DO, experienced higher cleaning efficacy due
to its higher backwash flux. This suggests that the pristine membrane
performed best in terms of fouling resistance. While this might imply
that modification does not significantly alleviate fouling, it contradicts
the conclusions drawn under constant flux filtration conditions.

On the other hand, when membranes were compared at similar
initial fluxes, higher TMPs were required for the less permeable mem-
branes. Unlike rigid particles, oil droplets are deformable. Oil defor-
mation is expected to be higher at higher pressures [63]. The
deformation of oil droplets on the membrane surface may lead to a
stronger attachment or facilitate their entry into the pores, making them
even harder to remove during backwashing. Evidence of oil fouling
within the membrane pores will be further analysed using fouling
models in Section 3.5.

3.4. Membrane rejection

For all fouling experiments, including both constant flux and con-
stant TMP filtration, all membranes exhibited a high oil rejection (>
98 %) due to their smaller pore size compared to the oil droplet size
(Fig. 8). In constant flux filtration, an increase in oil rejection was
observed for the membranes with increased permeate flux, which could
be ascribed to the enhanced concentration polarization on the mem-
brane surface [29]. For constant TMP fouling, modified membranes
demonstrated a higher oil rejection than the pristine alumina mem-
branes at a TMP of 0.5 bar due to their smaller pore size and enhanced
electrostatic repulsion between the membrane and oil droplets after
modification. However, when the TMP was increased from 0.5 to 1 bar,
a slight decline in oil rejection has been observed for all membranes,
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possibly due to the higher permeate drag force at higher pressure. Under
constant TMP conditions, when an equal initial flux was applied, all
membranes achieved high oil rejection (>99 %).

3.5. Fouling mechanism analysis at constant flux and constant TMP
filtration conditions

Fouling on a membrane surface is assumed to begin with a pore
blocking process followed by cake layer formation. However, three
distinct pore blocking mechanisms are typically observed in membrane
fouling. The primary fouling mechanism of the membrane can be
identified by fitting the experimental data to the models developed, as
described in Section 2.8.

For constant TMP filtration, four different fouling models were
respectively fitted to the experimental data from Fig. 7. As depicted in
Fig. 9, the standard pore blocking and complete pore blocking models
demonstrated a superior fitting to the experimental data, in comparison
to the cake layer and intermediate pore blocking models. This obser-
vation is substantiated by the higher correlation coefficients for these
models when aligned with the experimental data. For example, the
fitting of both the standard pore blocking and complete pore blocking
with D60 gave the highest R? of 0.96, followed by intermediate pore
blocking model (R% = 0.92) (Table 3). Similar results were observed for
the other three membranes. As a result, it is highly probable that internal
pore blocking occurred in the initial stages of the membrane fouling
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during constant TMP filtration. At a later stage, the membrane pores
became completely blocked by oil droplets. Due to the relatively short
filtration time, a cake layer had not yet formed on the membrane sur-
face. To determine the optimal fouling model, an Akaike Information
Criterion (AIC) analysis was conducted for sample D60. The complete
pore blocking model yielded the lowest AIC value (-930.84), followed by
the standard pore blocking model (-929.96) and the intermediate pore
blocking model (-906.25). A lower AIC value indicates a better fit,
suggesting that the complete pore blocking and internal blocking models
best describe the fouling behavior under constant TMP conditions in this
study.

Regarding the fouling constant (k value), no significant differences
were observed among the samples across all fouling models. This further
supports the importance of backwashing in permeance recovery.
Membranes with higher permeance demonstrated better cleaning effi-
ciency, likely due to a higher backwash flux.

In contrast, the pore blocking mechanism for constant flux filtration
can be well explained by the intermediate pore blocking model. As
shown in Fig. 10, the fitting of intermediate pore blocking with the
experimental data of D60 was superior, giving a R? of 0.95. The
remaining three membranes also exhibited satisfactory fitting results
when analyzed using the intermediate pore blocking model (Table 4). In
addition, the fouling kinetics, indicative of the interactions between the
membrane and oil droplets, are reflected from the intermediate pore
blocking constant (k value). A higher k value indicates more rapid
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Fig. 9. Modelling of oil droplets fouling mechanism at constant TMP conditions. (A) standard pore blocking, (B) complete pore blocking, (C) intermediate pore
blocking and (D) cake layer filtration. The experimental data here used for modelling are from D60 in Fig. 7. J* = 50 L. m~2 h™! was used for model fitting.
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Table 3
Fitting parameters of fouling models at constant TMP filtration condition, the data used for fitting are from Fig. 7.
Sample Standard pore blocking Complete pore blocking Intermediate pore blocking Cake layer
ks (m ™) R? ke(s™) R? ki (m™) R? ki (sm?) R?
DO 0.056 0.96 0.0011 0.96 29.42 0.94 0.06 0.92
D60 0.069 0.96 0.0014 0.96 39.99 0.92 0.12 0.90
D90 0.058 0.97 0.0011 0.97 30.57 0.95 0.06 0.94
D120 0.068 0.98 0.0013 0.98 38.02 0.96 0.10 0.94
Intermediate pore blocking Cake layer model
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Fig. 10. Modelling of oil droplets fouling mechanism at constant flux conditions with intermediate pore blocking (left) and cake layer models (right). The exper-

imental data here used for modelling are from D60 in Fig. 5C.

Table 4
Fitting parameters of fouling models at constant flux filtration condition, the
data used for fitting are from Fig. 5C.

Sample Intermediate pore blocking Cake layer

k; (dimensionless) BGshH R? k (m™Y) R?
DO 222.41 2.37 x 107 0.94 23.39 0.88
D60 179.65 2.16 x 107° 0.95 16.21 0.92
D90 150.88 1.88 x 10°° 0.97 11.37 0.96
D120 212.45 2.32 x107° 0.98 21.76 0.96

fouling on the membrane surface and vice versa. As shown in Table 4,
D90 had the lowest k value, succeeded by D60, D120 and DO, which is
consistent with the flux recovery observations in Fig. 5C. Therefore, we
can assume that the internal pore blocking is less likely to happen in
constant flux filtration experiments, with intermediate pore blocking
being the predominant fouling mechanism in the initial stage.

Based on the discussions above, the fouling mechanisms for constant

Intermediate pore blocking
=
Cake layer

TMP and constant flux filtrations have been identified and are sche-
matically illustrated in Fig. 11. For constant TMP filtration, standard
pore blocking and complete pore blocking are the primary mechanisms,
while intermediate pore blocking accompanied by cake filtration aptly
describes the fouling observed in constant flux experiments. During
constant TMP filtration, high initial membrane flux tends to draw oil
droplets into the pores, increasing the probability of internal pore
blocking. Such blockages are challenging to remove during back-
washing, leading to lower flux recovery. Additionally, when oil droplets
are trapped within membrane pores, the membrane’s surface charge has
a negligible effect. Conversely, in constant flux filtration, intermediate
pore blocking predominates due to the lower flux used, with the mem-
brane’s surface charge and hydrophilicity playing a significant role in
fouling, especially since the surfactant-stabilized hydrophobic oil
droplets carry the same charge as the membrane.

Standard pore blocking
)=

Complete pore blocking

Fig. 11. Schematic representation of fouling mechanisms in constant flux and constant TMP filtration conditions. Standard pore blocking and complete pore blocking
are the main fouling mechanism in constant TMP filtration, while intermediate pore blocking, and cake layer filtration are responsible for membrane fouling in

constant flux filtration.
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3.6. Implications for membrane modification

Membrane modification has been widely used to improve membrane
rejection and/or to develop fouling resistant membranes for water
treatment, especially for O/W emulsions. In some cases, the trade-off
between the membrane selectivity and permeability may be overcome
by coating a highly hydrophilic thin layer on the membrane support [64,
65]. Still, the decrease in pure water permeance of the modified mem-
brane is a common phenomenon [25,46]. To evaluate the fouling
resistance, a constant TMP filtration system is generally applied at a
laboratory scale. However, the results found in this work suggest that
the effect of permeance of the membranes seems to be dominant in this
filtration mode. The backwash efficacy was only related to the per-
meance of membranes, while an effect of surface properties was not
observed. The improved fouling resistance of the membrane after
modification could be attributed to the huge loss in permeance, thereby
resulting in a much lower initial flux and fouling when operated at the
same driving force as the pristine membrane. However, in constant flux
filtration experiments, we found that the loss of water permeance of the
membranes after modification may lead to negative effects on fouling
resistance even though the surface property of membranes became less
prone to the target pollutants. Apparently, these two filtration modes
give different conclusions on the performance of the modified ceramic
membranes for the O/W emulsions filtration. In constant TMP experi-
ments, the best-performing modified membranes are those with either
the lowest or highest permeance, which may not necessarily represent
optimal choices in practical applications. In contrast, constant flux ex-
periments more clearly reveal the competing effects between membrane
permeance and the enhanced fouling resistance provided by the coating
layer. Moreover, this setup offers a more realistic simulation of practical
O/W emulsion filtration conditions. In addition, due to the high initial
flux of the clean membrane, severe fouling (internal pore blocking) often
occurs at the start of the constant TMP experiment. This could be pre-
vented by imposing a lower flux in constant flux filtration [29]. There-
fore, constant flux filtration experiments with backwash are
recommended to be applied to evaluate the performance of the mem-
branes with and without modification for O/W filtration as well as other
types of wastewater treatment. As the height of permeate flux can also
affect the order of fouling tendency, experiments tested at several
permeate fluxes would be preferred.

4. Conclusion

The performance of alumina and SiC-deposited ceramic membranes
was respectively compared at constant flux and constant TMP filtration
modes with O/W emulsions in order to evaluate its practical applica-
bility. The filtration conditions (filtration modes, permeate flux and
TMP), membrane properties and the backwash affected the fouling of
the membranes. The following conclusions were drawn:

e During single-cycle constant flux filtration experiments, it was
difficult to make a distinction between the fouling of the membranes
when the permeate flux was low (60 and 80 L m2h™). At higher
permeate flux (90 and 100 L m 2 h’l), the fouling of the modified
membranes D90 was lowest, followed by DO, D60 and D120.

When backwash was involved in constant flux filtration mode,
except for D120, hardly any difference in irreversible fouling was
observed at a low flux (80 L m~2 h™1). At higher fluxes (90 and
100 L m 2 h’l), two of the three modified membranes (D90 and D60
respectively) performed better, in terms of irreversible fouling, than
the pristine membrane, indicating the importance of incorporating
backwash in a fouling experiment for good evaluation.

During the constant TMP filtration experiments, membrane fouling
was observed to be only related to the membrane permeance, while
an effect of surface properties was not observed.

Journal of Environmental Chemical Engineering 13 (2025) 117823

e Standard pore blocking and complete pore blocking were the main
fouling mechanism for constant TMP filtration experiments, while
intermediate pore blocking and cake layer filtration were more likely
to happen in constant flux filtration.

Since it is also the case in operation of a full-scale MF/UF plant,
experiments with constant flux filtration with backwash were
considered to be the most suitable for irreversible membrane fouling
comparison, as compared with constant TMP filtration or experi-
ments without backwash, leading to erratic conclusions.
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