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A B S T R A C T

To unravel fouling and defouling mechanisms of protein, saccharides and natural organic matters (NOM) on
polymeric membrane during filtration, this study investigated filtration characteristics on polyvinyl chloride
(PVC) ultrafiltration membranes with bovine serum albumin, dextran, humic acid as model foulants. Membrane
fouling and defouling performances were analyzed through monitoring the flux decline during filtration and flux
recovery during physical backwash. Physico-chemical properties (e.g., hydrophobicity and surface charge) of
PVC membrane and foulants were characterized, which were used in the extended
Derjaguin–Landau–Verwey–Overbeek (EDLVO) theory to calculate the interaction energies between membrane-
foulant and foulant-foulant. The results showed that at the later filtration stages the fouling rate was strongly
correlated with the deposition rate, which was determined by the interaction energy profile calculated by
EDLVO. Moreover, the adhesion forces of membrane–foulant and foulant–foulant were further measured by
atomic force microscopy (AFM) with modified colloidal probes. A positive correlation (R2 = 0.845) between
particle detachment rate (determined by adhesion force) and defouling rate was developed for BSA and HA
foulants that led to cake layer formation. By contrast, dextran defouling rate was off this correlation as dextran
partially clogged membrane pores due to its smaller size.

1. Introduction

Membrane fouling has been a limiting factor for membrane filtra-
tion in diverse applications in separation, water and wastewater treat-
ment [1–4]. Membrane fouling is primarily attributed to membrane–-
foulant interactions followed by subsequent foulant–foulant
interactions [5–7]. Interfacial properties of both membranes and fou-
lants have important impacts on membrane fouling kinetics and fouling
removal or defouling [8,9]. Therefore, the delineation of the membra-
ne–foulant or foulant–foulant interaction mechanisms are critical to
understanding their roles in membrane fouling and defouling processes.

Most previous studies examined bulk scale membrane fouling be-
havior and evaluations, such as filtration resistance, flux decline rate
and flux recovery ratio [10–12]. However, both membrane and foulants
properties greatly impact membrane filtration performance. These
properties include foulant molecular weight, zeta potential, colloidal
size, membrane surface zeta potential, hydrophobicity and surface
roughness [13–16]. Particularly, previous studies have reported the
influences of surface hydrophobicity and charge on membrane fouling

[17,18]. Atomic force microscopy (AFM) has widely been used to
characterize pristine and fouled membrane surfaces [19,20]. In addi-
tion to surface morphology mapping, quantification of interaction
forces by AFM greatly aids the understanding of membrane fouling
mechanisms [6,21,22]. For example, interaction forces between poly-
meric membranes and AFM probes coated with foulants of humic acid
(HA) and bovine serum albumin (BSA) provided insight into the fou-
lant-membrane interactions and fouling propensity [21,23]. Mi et al.
observed the important role of foulant-foulant adhesion force in de-
termining the organic fouling rate during forward osmosis membrane
processes [22]. Meng et al. reported that high membrane–HA adhesion
forces caused fast deposition of the HA onto the membrane surface,
leading to severe membrane fouling in the initial filtration stage [5].
However, we hypothesize that adhesion forces govern defouling pro-
pensity instead of fouling potential as reported previously [5,22], be-
cause adhesion only occurs when chemical bonds form between mem-
brane and foulants. Therefore, adhesion forces should be used to
establish correlation with defouling kinetics. Clearly, further quantita-
tive investigations of fouling, defouling processes, and contribution
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from interfacial forces will provide new insight into the prevention of
membrane fouling and rationale design of antifouling membrane fil-
tration processes.

In this study, the fouling and defouling kinetics of polyvinyl
chloride (PVC) ultrafiltration membrane were investigated. Dextran
(DEX), humic acid (HA) and bovine serum albumin (BSA) were used as
model foulants, representative of polysaccharides, natural organic
matters and proteins, respectively [24,25]. These model foulants are
commonly reported to have detrimental effects on membrane filtration
and lead to membrane fouling. The interaction forces involved at the
membrane–foulant and foulant–foulant interfaces were measured by
AFM to analyze the roles of interfacial forces in fouling and defouling
processes. For the first time the fouling or defouling kinetics was ana-
lyzed separately for the initial and later stages of filtration, where
foulant-membrane interactions and foulant-foulant interactions may
jointly play a role. Accordingly, we applied the Maxwell model or
Maxwell approach to calculate foulant deposition rate that was corre-
lated with fouling rate or flux decline rate [26]. By contrast, adhesion
forces were used to establish correlation with defouling kinetics based
on a particle transport model.

2. Method and materials

2.1. Organic foulants

Polysaccharide, protein and humic acid are common membrane
foulants known to cause membrane fouling [27,28]. Commercial pro-
tein (BSA) (Beijing Jiangchen Biotech Co., Mw =66.45 kDa, China),
dextran (DEX) (Aladdin, Mw =70 kDa, China) and humic acid (HA)
(Sigma Aldrich, USA) were used to prepare stock feed solutions. Ul-
trapure Milli-Q water (18.2MΩ cm at 25 °C, Direct-Q® UV3 System,
EMD Millipore, Bedford, MA, USA) was used for the preparation of
solutions. The concentrations of these stock solutions were: 1 g-BSA L-1,
0.83 g-DEX L-1, and 4.45 g-HA L-1, respectively, which yield the same
level of TOC at 280mg L-1. The HA solution was filtered with 0.45 µm
membranes (cellulose nitrate membrane filters, Whatman) to remove
the insoluble particles. All the solutions were stored at 4 °C prior to use.

2.2. Ultrafiltration membranes

Hollow fiber PVC membranes were purchased from Hainan Litree
Purifying Technology Co. Ltd. The membrane has a MWCO of 50 kDa.
SEM images of the cross-section and surface structure of the membrane
were shown in Fig. S1a–b. One fiber was then cut into 0.2 m in length
and placed into a transparent plastic tubing to make a single fiber
module. The effective membrane surface area was approximately
6.28 cm2 per module. Prior to the experiment, virgin membranes were
rinsed carefully to remove preservatives and soaked in deionized water
for 24 h to remove impurities [29].

2.3. Filtration experiments

A laboratory-scale filtration system was assembled for membrane
filtration experiments (Fig. S2). A membrane filtration unit with auto-
matic TMP adjusting (Spectrum Laboratories, Inc.) was used for the
fouling test. The membrane was backwashed using air assistant back-
washing developed previously, which involves backwashing with air in
the permeate side, and flushing with air and pure water in the feed side
of the membrane [30]. An electronic balance (Mettler Toledo, Inc.) and
WinWedge software (TAL Technologies, Inc.) were used to continuously
monitor the permeate weight to calculate the permeate flux change.
The clean water tests were conducted to determine the filtration per-
formance at different TMPs as shown in Fig. S2b. Filtration experiments
generally consisted of the following steps. Firstly, the membrane was
filtered with DI water under 48 kPa TMP for 1 h to reach a relatively
stable flux. Then, the TMP was increased to 100 kPa to establish a stable

water permeate flux named J0. Next, the fouling experiment was con-
ducted at 100 kPa under a cross flow velocity of 0.3m s-1 by filtering
the stock solutions of BSA, DEX or HA, respectively. After every 15
minutes’ filtration, the membrane was backwashed with 30mL DI water
for 5min. The total filtration time was 150min (10 cycles) and each
filtration experiment was repeated for 3 times.

The permeate flux, J (L m-2 h-1) is calculated by:

=
⋅ ⋅

×J m
ρ t A
Δ
Δ

1000
(1)

where J is the permeate flux (Lm-2 h-1, LMH); Δm (kg) is the mass of
permeate measured in filtration duration time Δt (h); ρ is the density of
permeate (kg m-3); A is the filtration area (m2).

The normalized flux J* (dimensionless) is defined as the ratio of the
actual flux J and the maximum or initial membrane flux J0:
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The flux decline rate was calculated to indicate the fouling rate
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where n is the cycle number; J*n0, was the initial permeate flux of the n
cycle; J*n was the permeate flux at the end of the n cycle; tΔ f is the
filtration time in each cycle.

The flux recovery ratio was calculated by:
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where n is the cycle number; J*n0, was the initial flux of the permeate of
the n cycle; +J*n0, 1 was the initial flux of the permeate of the (n+1)
cycle.

The flux recovery rate (defouling rate) was calculated by:
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where J*n0, was the initial flux of the permeate of the n cycle; −J* n15, 1 was
the flux before the backwashing at the n-1 cycle; tΔ b is the backwashing
time during each cycle.

2.4. Characterization of membranes and foulants

Contact angle measurements of membranes and foulants were
conducted on an optical contact angle goniometer (JC2000DM,
Powereach, Shanghai, China). The surface zeta potential of membrane,
zeta potential and hydrodynamic sizes of foulants were measured on a
dynamic light scattering (DLS) instrument (ZetaSizer Nano ZS, Malvern
Instruments), and the procedures were detailed in our previous work
[9]. Confocal laser scanning microscopy (CLSM; Leica TCS SP8 Con-
focal Spectral Microscope Imaging System, GmbH, Germany) was em-
ployed to analyze the fouling distribution on PVC membranes at both
inner surface and cross-section surfaces perspective. The details of the
characterization methods above are provided in Section S1.

2.5. Calculation of interaction energy and surface deposition rate based on
EDLVO theory

The extended Derjaguin Landau Verwey Overbeek (EDLVO) theory
has been widely used to demonstrate the contributions of surface
properties of membranes or foulants to colloidal interactions and
fouling potential on membrane filters [31–33]. In this study, the
membrane-foulant interactions were modeled as surface–particle geo-
metry while foulant-foulant interactions were particle-particle geo-
metry. The total interaction energies, UTotal, of membrane-foulant and
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foulant-foulant systems consist of the Lifshitz–van der Waals (vdW),
UvdW , electrostatic double-layer (EL), UEL and Lewis acid–base (AB)
energy, UAB [33,34]. Detailed calculations of each interaction energy
component were reported in our previous papers [9,35].

To further explain the effect of interaction energy barrier on
membrane fouling prediction, the surface deposition rate ( n

t
d
d
) was de-

rived from the Smoluchowski's population balance equation [36]:

≈n
t

αβnd
d

1
2 (6)

where α is the collision efficiency, β is the collision frequency, n is the
number concentration of particles.

The collision efficiency (α) can be solved with the Maxwell ap-
proach [26]:

∫= ⋅
∞ −α δ e E Ed

E
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where δ is the hydrodynamic damping factor (also called the drag effect
factor, dimensionless), which is taken as 1. Eb is the interaction energy
barrier (kBT), obtained from the interaction energy profiles as shown in
Fig. S3, and E is the random kinetic energy (kBT) of foulants.

The collision frequency (β) of foulant particles against membrane
surface is expressed as [36,37]:
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whereUvwd is the van der Waals forces interaction energy calculated by
the EDLVO theory; kB is the Boltzmann constant; T is the absolute
temperature; μ is the viscosity of the solution (1×10-3 Pa s); h is se-
paration distance between two particles (nm) or between particle and
surface (nm); and λ u( ) is the correction factor for the diffusion coeffi-
cient. The detailed calculation procedures are provided in the Section
S8.

2.6. Measurement of foulant-foulant and foulant-membrane adhesion
forces by AFM

The probe used in the AFM force measurements was commercial
tipless silicon nitride probe (MLCT-O10, Bruker, America) with spring
constant of 0.1 Nm-1. Firstly, a polystyrene microsphere (10 µm dia-
meter) was attached by a small drop of two-component epoxy resin
(1:1) to the end of the probe. Then, the prepared probe was left at room
temperature for at least 12 h to guarantee the solidity of the epoxy
resin. The foulant-coated colloidal probes were fabricated by immersing
the prepared colloidal probes into BSA, DEX and HA solutions (identical
to that in the corresponding fouling experiments) for 24 h at 4 °C to
reach adsorption equilibrium [5]. Fig. S1c–d are the SEM images that
were acquired on the field emission scanning electron microscope
(FESEM, LEO 1530 VP, Oberkochen, Germany) to show the unmodified
and modified AFM colloidal probes. All AFM force measurements were
carried out in a Petri dish with DI water using contact mode at the
oscillation frequency of 1.03 Hz and the initial loading force of 5.0 nN.
Each membrane sample was cut into flat sheets and then mounted onto
a Petri dish bottom with double-sided adhesive tape. Each interaction
force measurement was done at 15 spots and 20–30 curves for each spot
depending on the repeatability of measurement results.

3. Results and discussion

3.1. Characterization of membranes and foulants

The characteristics of foulants and membranes were summarized in
Table 1. BSA and HA had mean hydrodynamic diameters of 266 and
213 nm respectively, which were greater than that of DEX. In aqueous
solutions, humic acid and proteins usually aggregate together and form
colloidal clusters of tens or hundreds of nanometers in size [5,8,38].

Zeta potentials of BSA and HA in their stock solution were also greater
in magnitude than that of DEX. These parameters are used for the
calculations of interaction energy, foulant deposition rate and detach-
ment rate in the following sections.

3.2. Fouling kinetics for different foulants on PVC membranes

Fig. 1 shows the permeate flux changes during the filtration of BSA,
DEX and HA solutions. The initial absolute fluxes for different foulants
under the same TMP were much lower than the initial flux when fil-
tering DI water (460 LMH at TMP 100 kPa), indicating that the fouling
may occur instantly within the few seconds of filtration. The degree of
fouling also depends on the differences of foulant types, concentrations,
and foulant-membrane interactions [43–45]. For example, the foulant
solution was prepared with the same level of TOC (280mg L-1) and the
foulant concentrations were: 1 g-BSA L-1, 0.83 g-DEX L-1, and 4.45 g-HA
L-1, respectively. HA was clearly added at a higher concentration than
the other two foulants and therefore caused a quicker membrane
clogging and fouling than DEX or BSA. Given that the hydrodynamic
size of HA is also greater than DEX, the HA-induced fouling should be
more pronounced than DEX due to a rapid cake layer formation. To
compare the fouling kinetics resulted from different foulant types, the
normalized fluxes are plotted in Fig. 1b. The flux change in each fil-
tration cycle was similar with a fast flux decline in the first two minutes
and followed by a relatively slow decrease. Thus, the first filtration
cycle in Fig. 1b was extracted to better exhibit the potential turning
point during fouling (Fig. 1c), which was also used to analyze the
fouling rates during filtrations of different foulants.

For those three foulants, the flux decline rates calculated by Eq. (3)
were different during the initial (the first two minutes in the cycle) and
later filtration stages (after two minutes in the cycle). During the initial
filtration period, the filtration flux decreased more rapidly and the flux
decline rates (fouling kinetics) followed the order: BSA> HA> DEX
(Fig. 1c). At the later filtration stage, the flux decline rate slowed down
and generally followed the order: DEX> BSA> HA. Clearly, mem-
brane fouling processes are likely affected by various factors such as
physicochemical properties of foulants and membranes and surface
interaction characteristics (foulant-membrane and foulant-foulant)
[5–7], which result in different fouling behaviors or fouling mechan-
isms [46,47].

Because the cluster size of BSA was greater than the pore size, BSA
molecules were rejected by membrane pores, accumulated on the
membrane surface and subsequently formed a cake layer as evidenced
with CLSM in Figs. S3b and S3d. The cake layer blocks the pores and
reduces permeate flux sharply at the initial stage. In comparison, the
permeate flux decline rate for DEX was relatively slower than that of
BSA. As DEX has a smaller particle size (26 ± 6 nm) and the membrane
pores may be blocked by DEX gradually. This is also indicated by the
confocal images obtained by CLSM in Fig. S4a, which showed white
colored and snowflakes-like materials on DEX fouled membrane sur-
face. By contrast, BSA (Fig. S4b) was compactly distributed on the
surface of BSA-fouled membrane. Additionally, BSA is more hydro-
phobic than DEX, and thus, the hydrophobic interactions could cause
rapid binding and attachment of BSA on PVC membrane and thus a
faster rate of fouling and flux decline than DEX in the beginning.

Fig. 1c shows that the fouling rate for the filtration of HA was be-
tween the rates of BSA and DEX. Since HA is not a homogeneous model
organic matters, with molecular weights ranging from 2 kDa up to over
500 kDa [40,42], the fouling mechanism for HA could be a combination
of pore blocking and a cake layer formation [48]. The large sized HA
may deposit on the membrane surface and form a cake layer, whereas
the small sized HA accumulates and blocks the pores. Fig. 1d shows that
the flux decline rate in each cycle during the 150min filtration of DEX
decreased slightly while decline rates of BSA and HA slowed down
abruptly after two filtration cycles and then stayed at a slower rate level
than DEX. This phenomena could be explained by the differences in the
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fouling modes of DEX and HA or BSA. Fouling process could be affected
by various factors such as physicochemical properties of foulants and
membranes, operation conditions and solution chemistry [46]. Previous
studies showed that the membrane-foulant and foulant-foulant inter-
actions played an important role in the occurrence of membrane fouling
and demonstrated that the EDLVO theory could partly explain mem-
brane fouling behavior [5–7,47]. Therefore, both foulant-membrane
and foulant-foulant interaction energies were calculated to predict the
membrane behavior and fouling mechanism in the following sections.

3.3. Interaction energy for membrane–foulant and foulant-foulant systems

Fig. S3a shows the interaction energies between the PVC mem-
branes and three foulants in DI water, which play decisive roles in the
initial surface deposition (rate) of foulants on membrane. The energy
barriers for the three foulant-membrane systems follow the order:
HA> BSA> DEX. A lower magnitude of energy barriers usually
lowers the repulsion of foulant-membrane interaction and causes rapid
deposition of foulants on membrane surface [8]. The fouling rate for
these three foulants should follow the order: DEX> BSA> HA, which
partially agrees with the results of Fig. 1c. Fig. S3b shows the interac-
tion energies between foulants themselves, which were considered in

the analysis of fouling kinetics in later filtration stage. Compared with
the membrane-foulant interactions, the interaction energies were ap-
preciably lower in magnitude for foulant-foulant interactions. The en-
ergy barriers followed the order: HA-HA> BSA-BSA> DEX-DEX,
which is congruent with the fouling rate order (DEX>BSA>HA)
during the later fouling stage (Fig. 1c). HA had the highest inter-mo-
lecular repulsion, whereas DEX had the lowest. As a result, a lower
inter-foulant energy barrier clearly promotes foulant-foulant interac-
tion and facilitates the formation of foulant layers, which increases the
fouling tendency or rates (or a faster flux decline rate).

3.4. Correlation analysis between foulant deposition rate and fouling rate

Generally, a high interaction energy barrier reduces the tendency of
colloidal interactions on membrane and thus prevents membrane
fouling [49]. Fu et al. recently established a fouling kinetics model that
incorporated the EDLVO theory into the particle transport equation [9].
This model indicated that the gradient of attractive interaction energy
mediated the fouling rates of BSA or HA on polymer membranes. To
further explain the effect of interaction energy barrier on membrane
fouling prediction, the surface deposition rate ( n

t
d
d
) was derived from the

Smoluchowski's population balance equation and the results were

Table 1
Characteristics of the foulants and tested membrane.

Foulant pH value Hydrodynamic diameter/nm Zeta potential in water/mV Mass concentration/g L-1 Average molecular weight/gmol-1

Bovine Serum Albumin 8.0 ± 0.1 266 ± 20 − 22.1 ± 3.5 1.0 66,450
Dextran 8.2 ± 0.1 26 ± 6 − 16.4 ± 3.1 0.83 70,000
Humic Acid 7.9 ± 0.1 213 ± 13 − 39.1 ± 1.8 4.45 4100a

Pristine PVC membrane / / − 46.1 ± 3.5b / /

a Chin et al. [39]. According to previous literature, HA molecular weight range could be: 65%> 100 kDa [40]; 2–50 kDa [41]; or 2–500 kDa [42].
b Pristine PVC membrane was measured in 1mM NaCl solutions with pH 8.0 ± 0.1.

Fig. 1. (a) Absolute flux changes and (b) normalized flux decline curves for BSA, DEX and HA; (c) flux change with filtration time (solid dots) and the flux decline rate
in different filtration stages (hollow dots) of the first filtration cycle; and (d) Flux decline rate for BSA, DEX and HA in each cycle.
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presented in Section S3.
A linear regression between the deposition rate and the flux decline

rate is established in Fig. 2. The linear fitting to experimental data was
shown with 95% prediction confidence limits. All the filtration data at
the later filtration stage fitted the linear regression curve, indicating
that the model is suitable for the foulant-foulant interaction as the
dominant fouling mechanism. The filtration data of BSA and HA at the
initial filtration stage did not fit the linear regression. The actual flux
decline rates were higher than that predicted by the linear fit. The BSA
and HA foulants, due to their greater colloidal sizes than membrane
pores, could swiftly form cake layers on the membrane surface and
blocked the pores, which caused the rapid flux decline within only
2min (Fig. 1c). After foulant layer formation, the foulant-foulant in-
teraction began to dominate the fouling process. As a result, the flux
decline rate was governed by the rate of foulant layer formation and
layer characteristics (e.g., thickness and compressibility). The con-
tribution from membrane-foulant interaction for BSA and HA could
play a minor role in fouling resistance and flux decline.

Conversely, the fouling process by DEX was caused by pore nar-
rowing due to the progressive surface deposition of DEX. The fouling
rates or flux resistance varied with the dynamics of DEX deposition and
was more influenced by membrane-foulant interaction forces until the
membrane surface was fully covered by the DEX foulants. Therefore,
the experimental data for DEX better fit our model for membrane
fouling at initial filtration stage.

3.5. Defouling kinetics for different foulant-membrane systems

Fig. 3a shows the flux recovery ratio as defined in Eq. (4) in each
filtration/backwash cycle. The flux recovery ratio for all foulants was
lowest at the first cycle of filtration after 15min, which means that most
irreversible fouling occurred in the first cycle. The flux recovery ratios

for these three foulants were around 80% and stabilized after the third
filtration cycle.

Fig. 3b shows the defouling rate as defined in Eq. (5) in each cycle
as a measure of the flux recovery rate during the backwashing. DEX had
a higher defouling rate than BSA and HA. Moreover, the defouling rate
monotonically decreased with the filtration time for BSA and HA.
However, DEX led to a peak of the defouling rate probably because the
thicker and porous DEX-cake layer is easier to be flushed off the
membrane surface than BSA or HA. The confocal images in Fig. S4a
shows that membrane surface after 150min filtration of DEX was
covered by DEX, which is white colored and snowflakes-like materials.
By contrast, BSA (green dots in Fig. S4b) was compactly distributed on
the surface of BSA-fouled membrane. It is possible that BSA formed a
denser cake layer, whereas HA formed a looser cake layer, which led to
different fouling and defouling rates for BSA and HA. Other factors
(layer thickness, porosity, and compressibility) may also vary the flux
resistance and fouling/defouling characteristics.

Moreover, it was observed that DEX fouling is more severe than the
one caused by HA and BSA (Fig. 1c), but it was to a large extent re-
versible by backwashing. Meanwhile, BSA fouling showed higher and
increasing irreversibility and the periodic backwashing could not re-
cover the flux effectively (Fig. 3b).

3.6. Adhesion force measurement for foulant-foulant and foulant-
membrane systems

During the defouling process, the detached foulant must overcome
the adhesion force between the membrane and the foulants or between
the foulants themselves. Adhesion force is also called rupture force that
is used to break the adhesive bonds. Fig. S5 illustrates the typical force-
distance curve acquired by AFM and the relative frequency distribu-
tions of adhesion forces (also termed as cohesion for the identical in-
teracting particles) between foulants and adhesion forces between
foulants and PVC membranes. For each type of foulants, the adhesion
forces of membrane-foulant are stronger than the corresponding ad-
hesion forces of foulant-foulant.

The adhesion forces for PVC-BSA (-3.8 nN) is greater than PVC-HA
(-0.03 nN), which supports the calculated defouling rate order
(BSA<HA) in Fig. 3b. Likewise, the adhesion forces between foulant
and foulant followed the order: BSA-BSA> HA-HA, which coincided
with the defouling rate in later filtration/backwash cycles. High
membrane-foulant adhesion forces are likely to cause irreversible
fouling and low flux recovery ratio (Fig. 3a) as reported previously
[38].

3.7. Correlation analysis between adhesion force and membrane defouling
kinetics

The membrane defouling kinetics was delineated with the detach-
ment rate based on the particle transport equation that we employed

Fig. 2. The correlation between the logarithm of flux decline rate and the
logarithm of deposition rate. The linear regression as well as the 95% prediction
confidence are plotted.

Fig. 3. Flux recovery ratios for BSA, DEX and HA (a) in each cycle and (b) flux recovery rate (defouling rate) curve for BSA, DEX and HA in each cycle.
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previously [37,50].

= − ∂
∂

+ +J D C
x

u C D F C
k Tx x x
x x

B (9)

Where Jx is the particle flux, considered as the particle detachment rate
(mgm-2 s-1) in this study, Dx is the diffusion coefficient (cm2 s-1), C is
the particle concentration (mgm-3), ux is the particle velocity compo-
nents caused by the backwash water flow (m s-1), Fx is the adhesion
force between foulant-membrane or foulant-foulant (N). T is the tem-
perature (K), kB is the Boltzmann constant, 1.38×10–23 J K-1.

The detailed calculations of diffusion, advection and interfacial
adhesion force are provided in the Section S4. According to Eq. (9), the
particle detachment rate is contributed by three components; and the
comparisons of these components (Table S5) showed that, Jx force( ) was
larger than Jx diff( ) and Jx adve( ). Particularly for BSA and DEX, Jx diff( ) and
Jx adve( ) were substantially smaller by several orders of magnitude and
thus could be negligible. Meanwhile the adhesion force for HA was
almost 100–300 times smaller than BSA and DEX, the three components
for HA were at the same order of magnitude. It is also interesting that
these three components are all dependent on foulant saturated con-
centration and Jx force( ) is always greater than Jx diff( ) and Jx adve( ) under our
experimental conditions. Our calculations show that only when the
backwashing flux of BSA or DEX reach above approximately
1.1×105–3.5×105 LHM, Jx adv( ) can reach similar orders of magnitude
as Jx force( ). However, typical backwashing flux commonly used for
polymeric ultrafiltration membranes is between 7.5 LMH to 500 LHM
[51,52]. It indicated that Jx force( ) is the dominating component for de-
tachment rate, which is thus controlled by the adhesion force.

The calculated particle detachment rate and the defouling rate were
plotted in Fig. 4, which yields a linear relationship (R2 = 0.845) for
BSA and HA filtration system. However, the experimental flux recovery
rate for DEX was much higher than that predicted by the linear re-
gressions, likely due to its snow-flake and relatively loose structure of
foulant layer which is prone to hydraulic flushing. Though the forma-
tion of cake layer is a dominant mechanism for ultrafiltration when
foulants size is larger than the membrane cut-off [53], the reported
MWCO of the PVC membrane used in this study is 50 kDa but there
might still be bigger pores, and some DEX (with colloidal size of 26 nm)
might go into the membrane pores and be trapped in the membrane
pores and could be flushed out by the backwashing flow. This is evi-
denced by the CLSM image in Fig. S4c. Meanwhile, HA had bigger
colloidal size of 213 nm even though it had wide range of molecular
weight (2–500 kDa). During the backwash, the fouling caused by DEX
foulants in the pores might be easier to be removed than the porous
foulant layer on membrane surfaces. This also implies that our de-
fouling kinetics model is primarily suitable for explaining the role of
adhesion force in the cake layer fouling mechanism.

4. Implications

Based on the evaluation of fouling and defouling kinetics of HA, BSA
and DEX on PVC membrane during filtration, we presented a universal
toolset for analysis of membrane fouling and defouling kinetics using
the combined EDLVO theory, Maxwell approach, and particle transport
equation. This study have an valuable implication for elucidation and
prediction of the filtration performance of ultrafiltration membranes
with different foulants and may help the development of antifouling
membrane filtration systems. DEX foulant filtration system was an
outlier point in the correlation models for defouling kinetics prediction.
This outlier implies that this correlation might be better suitable for
cake layer fouling mode. To further improve our modeling analysis,
other important factors that could affect the fouling and defouling be-
havior, such as foulant colloidal sizes, fouling layer coverage ratio,
foulant layer compressibility under different TMP and shear rate, de-
serve intensive studies.
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