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A B S T R A C T

The fouling behaviour of microcrystalline cellulose (MCC) particles on polyethersulfone (PES) membranes
was investigated using fluid dynamic gauging (FDG) and molecular dynamics (MD) simulations. Experimental
cross-flow microfiltration (MF) of a dilute MCC suspension at 400 mbar transmembrane pressure using 0.45
μm PES membranes revealed an estimated fouling layer thickness of 616 ± 5 μm for both fouled and re-
fouled membranes at an applied shear stress of 37 ± 2 Pa. A decline in pure water flux was observed after
each membrane cleaning and flushing procedure, indicating that highly resilient layers were formed close
to the membrane surface. A possible explanation for the formation of resilient cellulose layers was obtained
through MD simulations of the free energy profiles, which predicted deep energy minima at close interparticle
separations of the cellulose–cellulose and cellulose–PES systems. The consequence of this energy minima is
that attractive and repulsive forces are in balance at a specific distance between the particles, suggesting
high binding energy at close interparticle distances. This implies that a certain force is needed to remove the
layer or redisperse the cellulose particles. MD simulations also suggested that contributions made by repulsive
hydration forces negatively influenced the adsorption of cellulose particles onto the PES membrane. These
results highlight how experimental FDG measurements, when complemented with MD simulations, can provide
insights into the fouling behaviour of an organic model material during cross-flow filtration.
. Introduction

Studies on the processing of lignocellulosic biomass for various
iorefinery applications are gaining substantial interest in the tran-
ition of process industries from fossil-based to bio-based resources
1–3]. As an energy-efficient and highly selective operation, pressure-
riven membrane processes can be expected to be employed in the
retreatment and downstream processing of lignocellulosic biomass [4]
o produce renewable, value-added materials. Different applications
f membrane processes in biorefineries has, however, proved to be
hallenging, primarily due to membrane fouling [5–7].

Fouling is the process by which suspended or dissolved substances
re deposited on the surface, at the pore openings, or within the pores
f a membrane [8] and results in a decline in the performance of
embrane processes. It limits the production capacity by lowering the

lux or changing the selectivity of the membrane over time [9]. There
re two types of fouling based on the interaction of foulants with
he membrane material: reversible and irreversible fouling. Reversible
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fouling, which occurs when foulants are loosely attached to the mem-
brane surface, results in the formation of a dynamic cake or gel layer.
This layer can be removed effectively by physical cleaning. Irreversible
fouling, in direct contrast, occurs when foulants are tightly bound to
the membrane due to adsorption or pore blocking and requires the use
of chemical cleaning agents to restore the flux or membrane selectivity.
In filtration systems where the feed material contains complex macro-
molecules, dissolved components, and suspended particles, fouling is
practically inevitable, especially when the components have a high
affinity towards the membrane material, are near their solubility limit,
or are in a metastable concentration range. Complex filtration systems
require an in-depth understanding of fouling mechanisms in order to
devise appropriate fouling strategies.

It is customary to identify the severity of fouling by a decline in
flux or an increase in transmembrane pressure (TMP), but these do
not provide reliable measures of the properties of the fouling layer and
the type of membrane fouling. Advanced studies on membrane fouling
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have made significant progress in monitoring of the fouling behaviour
[10,11], along with the development of analytical techniques to charac-
terize fouled membranes [12–14]. Nevertheless, despite the advances in
fouling monitoring and membrane characterization, studies that focus
on the mechanistic understanding of membrane fouling remain limited:
membrane fouling behaviour is still difficult to predict and model.
Mechanistic models for determining the fouling rate during cross-flow
filtration, which include the critical flux model [15], shear-induced
diffusivity [16], inertial lift [17], and particle capture [18] have been
reported. These models are nevertheless difficult to apply directly to
complex fouling systems in which interparticle interactions are present.
Advanced techniques for monitoring fouling layer development are
therefore necessary to provide hydrodynamic information of the fouling
layers formed.

Numerous in situ monitoring techniques have been developed over
the years to investigate the formation of fouling layers. These include
direct observation [19], laser-based techniques [20], ultrasonic time-
domain reflectometry [21], nuclear magnetic resonance imaging [22],
confocal laser scanning microscopy [23], small angle scattering [24],
electrical impedance spectroscopy [25], and fluid dynamic gauging
(FDG) [26,27]. Among these techniques for fouling investigation, FDG
offers unique information not available with other techniques. It is
an in situ, real-time monitoring technique that provides an indication
of the thickness of the fouling layers formed and their local strength
properties at different positions. FDG is relatively inexpensive, requires
minimal sample preparation, and is applicable for different types of
fluids. Tuladhar et al. [26] first developed this technique for local thick-
ness measurements of soft deposits on solid surfaces. It was expanded
further to membrane filtration of model materials such as ballotini
suspensions [28–30], yeast suspensions [31], synthetic microparticles
[32], and Kraft lignin [33–35]. Previous studies have also investigated
the fouling characteristics of microcrystalline cellulose (MCC) and used
FDG to determine the influence of pH and cross-flow velocity (CFV)
on the thickness and strength of fouling layers formed on polymeric
membranes [36,37].

Although in situ monitoring techniques can provide relevant infor-
mation regarding the development of fouling layers, the experimental
techniques currently available cannot provide information at the molec-
ular level, which is crucial for an increased mechanistic understanding.
Less attention has been given to investigating the fouling mechanisms,
and the mechanistic understanding of the fouling phenomena remains
to be explored further. Molecular dynamics (MD) has been used to
obtain information on different systems involving membrane filtration.
For example, in a study of pore wetting, Tanis-Kanbur et al. used MD
simulations [38] to show that the surfactant-salt affinity increased at
higher salt concentrations. Similarly, Meconi et al. [39] studied the
adsorption and desorption behaviour of surfactants onto a membrane
surface and elaborated on the relationship between the attractive force
and concentration. Shi et al. [40] used experiments and complemented
their results with MD simulations to investigate the formation of a
compact and continuous hydration layer on a zwitterionic membrane
which played a crucial role in membrane filtration. Similarly, using
both experimental techniques and MD simulations, Ma et al. [41]
showed that local interactions were critical during lysozyme fouling
on a polyvinylidene fluoride membrane under different filtration con-
ditions. Thus, MD simulations can be performed as a tool to reveal
information on the fouling mechanisms that occur at the molecular
level [42]. In this context, MD and experimental methods can act
as complementary tools [38,40], where MD can be used to unveil
nanoscale effects at the membrane-solvent interface.

In this study, the fouling behaviour of a dilute MCC suspension
was investigated during cross-flow microfiltration (MF) at 400 mbar
TMP using 0.45 μm polyethersulfone (PES) membranes. In addition, a
series of membrane flushing and physical cleaning in between the FDG
2

measurements was performed, which has not been done in previous
Fig. 1. Schematic diagram of the FDG probe over a fouled membrane surface. The
probe consists of a gauge tube with a tapered nozzle, where 𝑑 is the inner diameter
of the gauge tube (d = 3 mm) and d𝑡 is the inner diameter of the nozzle orifice (d𝑡 =
0.5 mm). m𝑔 is the gauging mass flow rate, dp is the pressure drop over the probe, h0
is the gauge height above the membrane, and h is the gauge height above the fouling
layer.

FDG studies on MCC particles. In parallel with the cross-flow MF ex-
periments, MD simulations have been employed in the present study to
investigate the formation of resilient fouling layers on polymeric mem-
branes during cross-flow MCC filtration. Although MD simulations have
been used to study the fouling mechanisms on different membranes
[42–44], the present study extends further to estimate the enthalpic
and entropic contributions to the free energy during the fouling of the
PES membrane with cellulose particles. The primary focus is on the
mechanistic investigation of the foulant–foulant and foulant–membrane
interactions at the interface by calculating the free energy profiles.
This work attempts to highlight how the combination of FDG and MD
simulations can provide insights into the fouling characteristics of an
organic model material during cross-flow MF.

2. Experimental

2.1. Fluid dynamic gauging (FDG)

FDG follows the principles of fluid mechanics whereby a pressure
drop is generated due to flow constriction between the tip of a nozzle
and the surface of a fouling layer, as illustrated in Fig. 1. The applied
differential pressure is correlated to the distance from the surface of the
FDG probe at a known membrane position as the probe approaches the
fouling layer.

The thickness of the fouling layer, 𝛿, is given by Eq. (1) [26]:

𝛿 = ℎ0 − ℎ (1)

where h0 is the gauge height above the membrane and h is the gauge
height above the fouling layer.

The cohesive or adhesive strength of fouling layers can also be
estimated using FDG concurrent with the thickness measurements.
Fluid shear stress is exerted on the surface of a fouling layer as the
probe is moved closer to the surface, resulting in the removal of loose
fouling layers. It is possible to track the shear-induced removal of
fouling layers at elevated fluid shear. The maximum shear stress, 𝜏𝑤,𝑚𝑎𝑥,
can be calculated analytically using Eq. (2), with the assumption of a
creeping concentric flow between parallel plates [33]:

𝜏𝑤,𝑚𝑎𝑥 =
6𝜇𝑚𝑔

𝜋𝜌ℎ2
⋅
1
𝑑𝑡

(2)

where 𝜇 is the dynamic viscosity of the fluid, m𝑔 is the gauging mass
flow rate, 𝜌 is the density of the fluid, h is the gauge height above
the fouling layer, and d𝑡 is the inner diameter of the nozzle orifice.
𝜏𝑤,𝑚𝑎𝑥 is in the region directly underneath the inner edge of the nozzle
rim at a radial distance 𝑑𝑡∕2 from the central axis of the gauge tube.
The calculation of 𝜏 in Eq. (2) is simplified as only h varies while
𝑤,𝑚𝑎𝑥
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Fig. 2. Schematic diagram of the cross-flow filtration test rig showing the different process streams: feed, permeate, retentate and gauge fluid.
other terms are kept constant during the FDG measurements. The 𝜏𝑤,𝑚𝑎𝑥
value provides an estimate of the fluid shear stress required to remove
individual cake layers and thus indicates the local cohesive or adhesive
strength of the cake.

2.2. Membrane and cake resistance

Employing Darcy’s Law, the membrane resistance in a pure solvent
system, R𝑚, can be calculated using Eq. (3) thus:

𝑅𝑚 = TMP
𝐽𝜇

(3)

where J is the flux and 𝜇 is the dynamic viscosity of the fluid.
When filtering a solution or a suspension, the resistance-in-series

model (Eq. (4)) can be used to include reversible and irreversible
fouling:

𝐽 = TMP −𝛱
𝜇𝑅𝑇

= TMP −𝛱
𝜇(𝑅𝑚 + 𝑅𝑟𝑒𝑣 + 𝑅𝑖𝑟𝑟𝑒𝑣)

(4)

where 𝛱 is the osmotic pressure, R𝑇 is the total resistance, R𝑟𝑒𝑣 is
the reversible fouling resistance, and R𝑖𝑟𝑟𝑒𝑣 is the irreversible fouling
resistance.

The cake resistance, R𝑐 , can be determined by rearranging Eq. (4)
and excluding the contributions from 𝛱 and pore fouling:

𝑅𝑐 =
TMP
𝐽𝜇

− 𝑅𝑚 (5)

2.3. Cross-flow filtration rig

All cross-flow MF experiments were performed using the bench-
scale, stainless steel filtration test rig equipped with a flow cell and
an FDG probe shown in Fig. 2. The test rig was operated in a feed-
and-bleed configuration whereby the retentate is recycled back to the
inlet of the feed tank. The technical specifications of each component
are described in detail in previous studies [36,45]. The PES membrane
was mounted at the bottom of the cross-flow channel of the flow
cell after being soaked in deionized water at least half an hour prior
to MF. Two supporting layers, a porous polypropylene sheet and a
perforated stainless steel slab with holes 2 mm in diameter, were placed
underneath the membrane to secure its position. The polypropylene
sheet was placed on top of the stainless steel slab.

The inlet section of the test rig was equipped with a three-way tee
union, a 12 mm ball valve (V7), and a separate tank for deionized water
to simplify the feed change from deionized water to MCC suspension
3

and also to prevent air bubbles from entering into the system. All logged
data was monitored via LabVIEWTM 2020 (National Instruments), with
a detailed description of its automation reported by Lewis [46].

2.4. Materials

Flat, hydrophilic PES membranes (Supor®, Pall Corporation), with
a nominal pore size of 0.45 μm, were cut to dimensions of 200 mm ×
30 mm to fit into a rectangular cross-flow filtration cell with an active
membrane surface area of 2.4 × 10−3 m2 (150 mm × 16 mm), as in the
procedures carried out by Zhou et al. [36]. The manufacturer of the
membrane specified the pure water flux of the PES membranes to be
3.5 × 104 L m−2 h−1 at 0.7 bar TMP.

Commercially available MCC (Avicel® PH-105, DuPont Nutrition),
with a nominal particle size of 20 μm, was selected as the model ma-
terial for all cross-flow MF experiments. Prior to each MF experiment,
a suspension was prepared from 9.8 g of MCC in 4 L deionized water
to obtain a solids content of 0.15 vol%. The specific surface area and
solid density of MCC are 2.1 m2 g−1 and 1560 kg m−3, respectively
[47]. The suspension was homogenized using an IKA Ultra-Turrax® T50
with an S50 N-G45F dispersing element at a rotational speed of 10000
rpm for 15 min. After the mechanical pretreatment, the suspension was
placed in a 5 L baffled feed tank at an unadjusted pH of 6.2 and ambient
temperature of 22-23 ℃ under constant stirring, using a pitched two-
blade impeller, for a minimum of 12 h to ensure consistent swelling
of the particles. The suspension was diluted further to a concentration
of 0.02 vol% to prepare four 5 L suspensions for each sequence of
cross-flow MF.

2.5. Filtration experiments

Each cross-flow MF sequence was comprised of four cycles of the
following steps using the same PES membrane: determining the pure
water flux and membrane position, MCC fouling, FDG measurements,
and membrane cleaning and flushing. The fouled PES membrane was
collected for SEM analysis at the end of each sequence.

All MF experiments were conducted with an initial MCC suspension
volume of 5 L fed at a CFV of ∼0.07 m s−1, which corresponds to a
duct flow Reynolds number, Re𝑑𝑢𝑐𝑡 =∼1200, in the laminar regime.
The TMP was kept at 400 ± 20 mbar, with larger variations during
the feed change from deionized water to MCC suspension. The mass of
the permeate was logged every two seconds to calculate the permeate
flux, while m𝑔 was kept constant at 0.1 g s−1 during FDG measurements
(pressure-mode FDG).
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2.5.1. Pure water flux and membrane position
The pure water flux was determined by circulating 5 L of deionized

water for at least 2000 s (33.3 min). The exact position of the PES
membrane was verified by noting the dp and ℎ0∕𝑑𝑡 values and adjusting
them with the h0 offset value, h0,offset, to overlap with the master
calibration curve. The h0,offset value varies for each MF experiment and
is used to correct the shift in the membrane’s position. The adjusted
membrane position can be determined by subtracting the h0,offset value
from each measured h0 so that it would superimpose with the calibra-
tion curve. Detailed procedures for the FDG calibration can be found
in the Supplementary Material S1.

2.5.2. MCC fouling and FDG measurements
After verifying the position of the membrane, the FDG probe was

retracted to the top of the flow cell to minimize its disturbance on the
formation of the fouling layer. The feed line was then diverted from
deionized water to the 0.02 vol% MCC suspension for at least 3000 s
(50 min). Furthermore, the gauge flow was turned off to conserve the
MCC suspension whilst no FDG measurements were conducted, since
the gauge fluid was not recycled back into the system.

After an initial 3000 s (50 min) of fouling, the gauging fluid flow
was turned on and withdrawn at a constant mass flow rate: m𝑔 =
0.1 g s−1. FDG measurements were conducted by moving the probe
in small increments to approach the fouling layer being formed whilst
the system was still subjected to cross-flow MF of the MCC suspension.
The probe made a small imprint of ∼1 mm in diameter, making its
influence on the permeate flux curves negligible. The dp and ℎ∕𝑑𝑡 values
are noted, and the measurements were terminated when dp exceeded
100 mbar. This dp is set to prevent the FDG probe from damaging the
flat sheet PES membrane.

From the master calibration curve equation (Eq. S1), ℎ0∕𝑑𝑡 can be
calculated at the measured dp values (ℎ = ℎ0, if no deposit is present).
Using the calculated ℎ0∕𝑑𝑡 value and the measured ℎ∕𝑑𝑡 value, the
height of the fouling layer is determined by subtracting these two
values at a dp that is in the incremental zone (ℎ0∕𝑑𝑡 ≤ 0.25).

2.5.3. Cleaning and flushing of the membrane
The probe was retracted after the first measurements were made and

the membrane was dismounted from the flow cell to allow for visual
inspection of the extent of fouling. Physical cleaning of the membrane
was then undertaken by flushing the fouling layer with deionized water
and removing it with a soft-bristled paintbrush, see also Supplementary
Material S2. The test rig was also cleaned by circulating deionized
water for 1800 s (30 min) to remove the remaining MCC.

The flow cell was mounted back together with the cleaned mem-
brane and a fresh set of 5 L deionized water was circulated for at
least 2000 s (33.3 min) to determine the new pure water flux and
membrane position. The cross-flow MF sequence was subsequently con-
tinued for 3000 s (50 min) of additional fouling to allow MCC particles
to redeposit on the active membrane surface. New measurements were
conducted thereafter, and the MF sequence continued until four cycles
had elapsed.

3. Computational method

All MD simulations were performed using GROMACS2020 software
[48], which has been used extensively to study the atomistic details
of systems involving biomolecules [49–51] and polymers [52,53]. The
equations of motion were integrated by a velocity verlet algorithm
with a time step of 2 fs and a cut-off distance of 1.1 nm was applied
to truncate van der Waals forces. The Smooth Particle Mesh Ewald
(SPME) method [54] was applied to calculate the long-range electro-
static interactions. The temperature of the systems was controlled by a
velocity rescaling thermostat [55]: a modified version of the Berendsen
thermostat that has been shown to enforce the correct NVT ensemble.
Periodic boundary conditions were applied in all directions throughout
4

the simulations. Water molecules were described using the extended
simple point-charge (SPC/E) [56] model due to its close agreement with
experimental hydrogen bond dynamics. The bonds and angles of the
water molecules were conserved by using the SETTLE [57] algorithm.

Apart from the atomic configurations of the initial system, it is
also very important that a force field (FF) that best describes the
interactions between the atoms in the simulation systems is chosen.
All-atom optimized potentials for liquid simulations (OPLS-AA) [58]
force fields were used to describe the cellulose and PES membrane:
these were chosen because they have been shown to reproduce cellulose
structures [59,60] and different polymer membranes [61,62] correctly.

Cellulose was modelled by a rectangular slab of crystalline cellulose,
as shown in Fig. 3a. The starting structure of cellulose crystals was ob-
tained from Nishiyama et al. [63], with each cellulose chain being eight
anhydroglucose units long. The cellulose crystals possess two different
types of surfaces, namely 110 and 200, and interactions between the
110–110, 110–200, and 200–200 planes are therefore considered [64].

A PES polymer chain was created by repeating 200 monomer units
(Fig. 3b) using AVOGADRO software [65] . Previous studies by Ahn
et al. [66] and Shi et al. [67] have shown that a polymer with 60
repeating units effectively represents the characteristics of the polymer.
As in Ahn et al. [66], one end of the polymer chain was terminated
with a hydrogen atom while the other end was closed with a phenyl
group. The initial polymer chain was placed between two graphene
sheets along the Y-axis enclosed in a periodic box of 5 × 5 × 20 nm3

and allowed to fold spontaneously. Subsequently, the graphene sheets
were moved towards each other at a constant velocity of 0.01 nm ps−1

along the Y-axis in order to create a polymer with a density of 1.34 g
cm−3, similar to that reported experimentally (1.37 g cm−3 [68]). Then,
the graphene sheet was removed from the system and several annealing
cycles were performed to reproduce a ‘‘natural’’ folding of the chain so
that an amorphous membrane would be created with a realistic surface
roughness. In all of these processes, only the X-axis of the simulation
box was allowed to vary; all remaining axes were kept constant (Fig. 3).

The magnitude of interparticle interaction was calculated using
umbrella sampling (US) and the weighted histogram analysis method
(WHAM) [69]. The latter is used to calculate the potential of mean
force (PMF) along a reaction coordinate which, in this case, was the
interparticle separation of the center of mass (COM). For US simula-
tions involving a cellulose–PES membrane system in water, the PES
membrane was placed in a computational box of 3.20 × 4.68 × 12.00
nm3 and the cellulose crystal was placed at a separation distance of
2.1 nm from the PES surface. The surface to surface separation of
the particles was described to be the average distance between the
sixth carbon (C6) atoms that are attached to the hydroxyl group of the
cellulose nanocrystal (CNC) surface and surface sulphur (S) atoms of
the PES membrane. The box was filled with the required number of
water molecules, depending on the case in question. The system was
then energy minimized and equilibrated at 300 K in an NVT ensemble
for 6 ns. Subsequently, position restraints of 500 kJ mol−1 nm−2 were
pplied to the PES membrane to fix it in the desired position. The US
as started by initially pulling the CNC towards the PES membrane
t a constant velocity of 0.005 nm ps−1 with a force constant of 65 MJ
ol−1 nm−1 of the added harmonic potential. The system configurations
ere stored at 0.05 nm intervals, which were used for the US. The

ampling time of 6 ns was used for all configurations.
For US simulations involving cellulose–cellulose interactions, two

ellulose crystals were placed in a simulation domain of size 5.10
10.36× 3.19 nm3 at a certain interparticle separation. The simulation

box was then filled with water molecules. After initial energy mini-
mization and equilibration, one of the crystals was used as a reference
and restrained in position while the other crystal was pulled towards it
with a pulling force constant of 65 MJ mol−1 nm−1. The remaining US
procedure was similar to the one described above for the cellulose–PES
membrane system. However, the mobile CNC, which is free to move

along the direction of the reaction coordinate, is position restrained by
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Fig. 3. (a) A cellulose crystal and its respective faces and (b) the repeating unit of a PES molecule (within bracket) and a membrane formed from 200 PES units.
-

applying a force constant of 500 kJ mol−1 nm−2 on the carbon atoms
along the remaining directions. This was done to prevent the rotation
of the CNCs with respect to each other and ensure the relative surface
orientation during the pulling process.

Entropy was calculated from the finite difference temperature deriva
tive of PMF or 𝛥𝐺 at each interparticle separation (𝑟) using Eq. (6) [70]:

−𝛥𝑆(𝑟) =
𝛥𝐺(𝑟, 𝑇 + 𝛥𝑇 ) − 𝛥𝐺(𝑟, 𝑇 )

𝛥𝑇
(6)

PMF calculation using the US method was conducted at 300 K and
320 K and hence, the values of 𝑇 and 𝛥𝑇 were 300 K and 20 K,
respectively. The enthalpic contribution to the free energy, 𝛥𝐻 , can
be then calculated using Eq. (7):

𝛥𝐻 = 𝛥𝐺 + 𝑇𝛥𝑆 (7)

In order to elucidate the role of the contribution from the solvent
molecules to the PMF, the solvent contribution 𝛥𝐺𝑤(𝑟) to the PMF
𝛥𝐺(𝑟) can be evaluated by subtracting the PMF calculated between the
particles at 300 K in vacuum 𝛥𝐺𝑣𝑎𝑐 (𝑟), as presented in Eq. (8) thus

𝛥𝐺𝑤(𝑟) = 𝛥𝐺(𝑟) − 𝛥𝐺𝑣𝑎𝑐 (𝑟) (8)

4. Results and discussion

4.1. Experimental results

4.1.1. Flux curves
The flux curves of the cross-flow MF experiments are presented in

Fig. 4, which shows both the pure water and permeate flux of pristine
and fouled PES membranes. After circulating deionized water for 2000
s (33.3 min), the pure water flux of the pristine membrane declined
gradually from 2.53 × 104 L m−2 h−1 to 2.45 × 104 L m−2 h−1. This
decline in pure water flux may indicate the presence of small amounts
of residual foulants from earlier experiments, as was also found by
Zhou and Mattsson [37] in a study where the same feed material was
used. Immediately after changing the feed from deionized water to MCC
suspension, the permeate flux followed a consistent trend with a sharp
decline in the flux values observed, showing that the deposition of
initial foulants caused a high flow resistance at a constant TMP. The
flux values dropped massively to around 500 L m−2 h−1 (∼2% of the
initial pure water flux of the pristine membrane) after 3000 s (50 min)
of MCC fouling.

Lidén et al. [71], who used the same batch of MCC, determined
the particle size distribution of mechanically-treated MCC suspensions
by laser diffraction. Their results show that virtually all MCC particles
are larger than the 0.45 μm nominal pore size of the PES membrane.
This suggests that MCC particles are retained on the feed side and the
5

Fig. 4. Flux vs. filtration time for the cross-flow MF sequence of MCC suspensions.
Dashed lines indicate membrane cleaning and flushing procedure.

formation of a cake layer is likely the primary fouling mode during
the cross-flow MF. However, as the sizes are all nominal, some smaller
particles may pass through larger pores and internal pore blocking may
therefore still occur to some extent.

Fig. 4 shows that a successive reduction in the pure water flux was
observed after each membrane cleaning and flushing procedure despite
their thoroughness, as mentioned above and in the Supplementary
Material. This demonstrates that an increase in flow resistance after
each MF cycle is due to irreversible fouling of the membrane, i.e. MCC
particles that are strongly bound to the membrane hinder the flow of
liquid. However, despite the large differences in the pure water flux, the
behaviour of the permeate flux decline is consistent and appears not to
have been influenced by the initial flux. It is worth noting that, since the
probe made a small imprint of ∼1 mm in diameter (see experimental
section), the flux curves were not affected by FDG measurements, as
this impact area (∼ 1 × 10−6 m2) was significantly smaller than the
active membrane area (2.4 × 10−3 m2).

4.1.2. FDG profiles
FDG measurements were conducted to determine the properties of

the MCC fouling layer during cross-flow MF at 400 mbar TMP. Fig. 5a
shows the dp vs. ℎ∕𝑑𝑡 profile during cross-flow MF experiments. All FDG
measurements were corrected with the h0,offset value. The filled black
circles (∙) in Fig. 5a are the results of FDG measurements on a pristine
membrane without any fouling layer. This curve followed a consistent
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Fig. 5. FDG profiles during cross-flow MF of the MCC suspension showing (a) differential pressure, dp, and normalized probe distances, ℎ∕𝑑𝑡, and (b) estimated cake thickness,
𝛿, vs. applied fluid shear, 𝜏𝑤,𝑚𝑎𝑥, exerted by the FDG probe onto the cake layers formed. N.B. The curves for the membrane position after each cleaning and flushing of the PES
membrane were excluded to simplify the data set.
trend with baseline dp values in the asymptotic zone (ℎ∕𝑑𝑡 > 0.25),
while a sharp increase was measured in the incremental zone (ℎ∕𝑑𝑡 ≤
0.25) as the probe approached the membrane surface.

The difference in ℎ∕𝑑𝑡 values during measurements on a pristine
membrane without any fouling layer and measurements during MCC
fouling represents the thickness of the fouling layers formed, where
a larger difference in ℎ∕𝑑𝑡 corresponds to a thicker fouling layer.
After 3000 s (50 min) of MCC fouling, the initial response resembled
that of the pristine membrane up until ℎ∕𝑑𝑡 = 1.50 but, at ℎ∕𝑑𝑡 <
1.50, a gradual rise in dp was observed that became much sharper
at ℎ∕𝑑𝑡 < 0.50. In the region ℎ∕𝑑𝑡 = 1.20–1.50, the increase in flow
resistance could be due to concentration polarization or an increase
in the viscosity of the suspension resulting from an increased particle
concentration just above the fouling layer. In contrast, the increase
in flow resistance at ℎ∕𝑑𝑡 < 1.20 is caused by the formation of a
‘‘cake’’ fouling layer. The non-convergence of the MCC fouling response
towards the membrane position measurements at low probe clearing
heights demonstrates the resilience of such cake fouling layers formed
close to the membrane surface. Measurements made after each cycle
of the fouling and cleaning procedure revealed cake fouling layers that
are of similar thicknesses: this may indicate that the formation of the
cake layer is independent of the increased resistance of the membrane,
as supported by the similarity in response despite the large variation in
pure water flux after cleaning the membrane.

Fig. 6 presents the membrane and cake resistances, R𝑚 and R𝑐 , re-
spectively, during each cycle of cross-flow MF of MCC suspension. The
mean membrane resistance, R𝑚, increases linearly, from 8.7 × 109 m−1

to 3.3 × 1010 m−1 during the entire MCC fouling. The gradual increase
in R𝑚 after each membrane cleaning and flushing cycle implies the
presence of irreversible fouling on the PES membrane that accumulates
in each cycle. The cake resistance, R𝑐 , on the other hand, is higher
than R𝑚, but is relatively constant with values ranging from 2.7 × 1011

m−1 to 3.1 × 1011 m−1, indicating that the build-up of the cake and its
resistance is very similar.

The effect that the applied fluid shear from the gauging fluid
flow had on the thickness of the cake layers after each fouling cycle
is presented in Fig. 5b. The maximum fluid shear stress was calcu-
lated using Eq. (2) and based on the thickness vs. shear stress profile
(Fig. 5b), more resilient cake layers were formed closer to the PES
membrane and therefore required higher fluid shear to remove them.
This trend confirms that the cohesive strength of cake layers formed
closer to the membrane is higher than the loose layers formed farther
away from it. This difference in cohesive strength is due to the higher
local solid pressure exerted on foulants located closer to the membrane
surface [34].
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Fig. 6. Membrane and cake resistances during cross-flow MF of MCC suspension. N.B.
The membrane resistance is calculated from the average of the resistances before MCC
fouling and after cleaning and flushing, except during the 4th cross-flow MF cycle
where only the resistance before MCC fouling was considered.

The estimated fouling layer thickness was 616 ± 5 μm for both
fouled and re-fouled membranes at an applied shear stress of 37 ± 2
Pa after 3000 s (50 min) of MF (Fig. 5b). As the probe was gradually
moved towards the PES membrane, loose cake layers were easily re-
moved. These loose layers were evident in the 35–200 N m−2 region of
𝜏𝑤,𝑚𝑎𝑥, where they were sheared off and became thinner: from an initial
cake thickness of ∼600 μm down to 150 μm in the remaining layers.
More resilient layers were observed when 𝜏𝑤,𝑚𝑎𝑥 of at least 200 N m−2

was applied, with remaining cake thickness values < 150 μm. At low
probe clearing heights, thin cake layers with considerably high cohesive
strength were formed: it was impossible to remove approximately 85
μm of the cake layers at the maximum applied shear stress of 580 N m−2

which, at this remaining cake thickness, corresponds to the diameters
of 4–5 nominal/average MCC particles or agglomerates. The gradual
increase in the cohesive strength of the cake layers in the direction
towards the membrane implies that the particles are most likely closer
to each other and become more concentrated in the cake layers closest
to the membrane, i.e. the solidosity of the cake layer increases in the
direction towards the membrane, and the flow resistance therefore
increases in that direction [72].
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Fig. 7. Cellulose–cellulose interactions, showing the entropic and enthalpic contributions to the free energy during the interaction of different faces of cellulose crystals. 𝛥𝐻 and
−𝑇𝛥𝑆 are the enthalpic and entropic contributions, respectively, to the free energy, 𝛥𝐺.
4.2. Simulation results

The nominal pore size of the experimental PES membrane is smaller
than virtually all of the MCC particles in the suspension measured by
laser diffraction [71]. Furthermore, the experimental results presented
above show that some kind of irreversible fouling is formed on the
membrane that accumulates in each membrane cleaning cycle. This is
a strong indication that particle–membrane interactions occur at the
interface, which is of major concern in the present study. It was also
observed that the strength of the fouling layer increased in the direction
towards the membrane, suggesting that the interaction between parti-
cles may be different. In order to shed some light on these phenomena,
it is necessary to study the interactions between cellulose particles and
PES in water. In the present study, this is done by calculating the
potential of mean forces between cellulose–cellulose and cellulose–PES
membrane.

4.2.1. Potential of mean force
It is important that interactions involving all faces of a cellulose

crystal are considered in order to study the particle–particle interaction
involved in the systems investigated in this work. As mentioned previ-
ously, cellulose crystals have two different types of surfaces, namely
110 and 200, so interactions between the 110–110, 110–200 and
200–200 planes are examined [64]. The PMF profiles of these planes,
normalized by the area of the interacting surfaces, are presented in
Fig. 7. In order to facilitate a better visual comparison among the PMF
profiles from different cases while not losing the graphic resolution
of the individual graphs, the enthalpic and the entropic contributions
are scaled by a factor of 10−1, while the values of the free energy
are not scaled. Similarly, the axes has been adjusted to emphasize the
contribution of respective curves.

The repulsive cellulose–cellulose interactions increase significantly
when the interacting surfaces become closer. However, a deep attrac-
tive primary minimum is observed in all cases that decrease in the
order: 200–200, 110–110 and 110–200. The presence of an attractive
region near the crystal interfaces suggests that the cellulose crystals
have a tendency to bind firmly to each other when they approach closer
under the influence of external forces, and that redispersion seems
relatively difficult. The gradual increase of the local solid pressure
towards the surface of the PES membrane [34] during the cross-flow
MF exerts a high external pressure force on cellulose particles. This,
in turn, pushes the cellulose particles towards each other, eventually
entering the primary minimum, given that the pressure forces are
sufficiently large to overcome the primary maximum. Hence, closer to
the restrained interfaces [73], such as the PES membrane in this study,
where there is a high local solid pressure, the cellulose crystals may
enter into the attractive region described by the primary minimum
and are strongly bound to each other and thereby form a compact
cake layer, as observed during the MF experiments described above.
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Similarly, the PMF profiles for cellulose–PES interactions are shown in
Fig. 8. Cellulose–PES interactions are more repulsive than cellulose–
cellulose interactions, suggesting that cellulose crystals have a lesser
tendency to approach the PES surface. The interparticle distance where
the attractive and repulsive forces are in balance as predicted by the
primary energy minima does, however, exist at low COM distances,
similar to the cases of the cellulose–cellulose interactions. The existence
of these lower energy regions suggests that the cellulose crystals tend
to remain in the area closer to the PES membrane as they are driven
towards the PES–water interface by external forces during cross-flow
filtration. This may give rise to the so-called ‘‘skin formation’’ near the
PES surface, as discussed in previous studies [71,74]. It is interesting to
note that all faces of cellulose nanocrystals show attraction to the PES
membrane, which has a partial hydrophobic character [75]; its water
contact angle is approximately 67◦.

4.2.2. Entropic and enthalpic contributions to the free energy profile
The entropic contribution, −𝑇𝛥𝑆, and the enthalpic contribution,

𝛥𝐻 , to the PMF, 𝛥𝐺, at 300 K is obtained through Eqs. (6) and
(7) and are shown in Fig. 7 and Fig. 8, respectively. The entropic
and enthalpic contributions act in opposite directions and their rel-
ative proportions depend on the interparticle distances involved. It
is observed that the stabilizing effect of these contributions depends
upon the interacting face of the cellulose crystals. For instance, the
interaction between 110–110 faces, as shown in Fig. 7a, demonstrates
that an energy barrier exists between COM separation distances of 2.9
and 3.1 nm. Although the entropic contribution, −𝑇𝛥𝑆, suggests an
increase in entropy which might be due to the expulsion of interfacial
water molecules when two cellulose surfaces come closer, the process
nevertheless becomes unfavourable due to the unfavourable enthalpic
contribution. At the contact minimum, the entropy seems to decrease
along with the enthalpic contribution, which might be due to the higher
structuring of water molecules at the interface as the particles become
closer. Beyond the contact minimum, as the particles are pushed further
towards each other, the unfavourable enthalpic contribution controls
the higher repulsion that occurs between the particles, thereby making
it impossible for the particles to get any closer.

A similar trend is observed during the interaction of the 200–200
surfaces, as shown in Fig. 7c. It seems that when similar surfaces inter-
act, the hydration repulsion caused by a water molecule, which depends
on its orientation relative to the surface normal, plays an important
role in the aggregation process of cellulose crystals. The interaction
of similar surfaces implies a higher probability of exposure of similar
groups of the solvent molecules towards each interacting surface: this
might be the cause of the similar tendency of the entropic and enthalpic
contributions to the free energy profile during the interaction of 110–
110 and 200–200 surfaces. However, there exists a secondary minimum
during the interaction of 110–200 surfaces, as shown in Fig. 7b, fol-
lowed by a primary minimum as the particles come closer. The solvent
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Fig. 8. PES–cellulose interactions, showing the free energy profile along with the associated entropic and enthalpic contributions for the interaction of the membrane surface and
the different faces of cellulose crystals. 𝛥𝐻 and −𝑇𝛥𝑆 are the enthalpic and entropic contributions to the free energy, 𝛥𝐺, respectively. Similarly, 𝛥𝐺𝑣𝑎𝑐 and 𝛥𝐺𝑠𝑜𝑙(= 𝛥𝐺) are the
ree energy profiles between the cellulose and PES surface in vacuum and water, respectively, and 𝛥𝐺𝑆𝐶 represents the solvent contribution to the free energy profile in water.
molecules appear to be highly organized, as reflected by a decrease
in entropy in this region: the greater structuring of water molecules
could prevent the association of 110–200 surfaces. This implies that the
hydration layer around the cellulose particles plays a significant role
in the fouling process of the PES membrane, which is in agreement
with the observations by Miao et al. [76] in their work on the effect
of ion hydration on the membrane fouling by proteins. Similarly, Xu
et al. [77] reported the effect of hydrophobic interactions and hydrogen
bonds in an interesting review of the roles of membrane-foulant and
foulant–foulant interactions in organic fouling. Nevertheless, it should
be noted that the overall free energy of association is the least for
110–200 surfaces, in which the agglomeration of these two surfaces
is less probable than in other cases. A similar trend of free energy
profiles was also observed by Garg et al. [78]. Furthermore, the results
in the present study reveal that the contribution of water molecules
plays a significant role in the free energy profiles of the cellulose–PES
interactions, suggesting that hydration or water network affects the PES
fouling with cellulose.

In cross-flow filtration processes, the TMP acts as the driving force
for filtration and is applied perpendicular to the membrane. This pres-
sure drives the dispersed particles from the bulk fluid towards the
membrane, although some interfacial particles may interact with the
membrane in the absence of pressure. However, the application of pres-
sure affects the interaction of interfacial particles with the membrane
to a greater extent, hence forming a pronounced fouling layer.

The free energy profiles of 110-PES and 200-PES surfaces are shown
in Fig. 8. The profile of the interaction of the cellulose (110) surface
with the PES membrane indicates that the entropy of the system de-
creases: it is unfavourable until the contact minimum is reached at the
COM distance between 2.65–2.77 nm, with enthalpy being favourable
at that condition. Once the contact minimum is passed, the entropy
increases drastically and is favourable for the adsorption of the 110
surface onto the PES surface. The unfavourable enthalpic contribution
dominates the region after the contact minimum resulting in high
repulsion between the cellulose (110) surface and the PES membrane.
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The free energy profile of the interaction of the cellulose (200) surface
with the PES membrane shows a similar scenario. At the contact
minimum, the system is stabilized by the enthalpic contribution. It
can therefore be concluded that, under the effect of external pressure
forces, the cellulose particles approach the PES membrane and tend
to remain in the region of the first energy minimum, which results
in the membrane being fouled. Our earlier analysis has shown that
there is a lower probability that a cellulose (110) surface is adsorbed
onto a cellulose (200) surface, which indicates that a larger quantity of
cellulose(100) and cellulose(200) surfaces exists freely in the cellulose–
water suspension. Nevertheless, the contact minimum for the case when
PES surface interacts with the cellulose (200) surface is lower than the
cellulose (100) surface, suggesting that the cellulose (200) surface binds
more readily with the PES membrane than the cellulose (100) surface.
Consequently, the interaction of the PES–cellulose (200) surface should
play a more important role in the filtration process. Fig. 8 suggests
that the interaction of particles at the contact minimum, which defines
the stable state of a system, is exothermic. It can thereby be inferred
that an increase in the temperature of the system will negatively affect
the existence of cellulose crystals at the first energy minimum. It
indicates that an increase in the temperature of the suspension and
a decrease in the entropy via lowering the Reynolds number could
lead to a lower strength of the fouling layer; this effect was reported
experimentally by Zhou and Mattsson [37]. A similar trend for the
different contributions to the free energy was also observed in the
cellulose 110–110 interacting surfaces.

The contribution made by the solvent molecules to the free energy
profiles of the interacting particles was also analysed. A negative effect
on the overall free energy profile near the interface was observed in all
cases, as shown in Fig. S4; this negative contribution of the solvent is
due to hydration of the interacting particles and has been studied well
[79,80]. It has been suggested that the solvent contribution leading
to the hydration repulsion phenomenon involves the overlapping of
interfacial layers: the orientation of the solvent layers near the interface
may therefore play an important role in this process. In most of the
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cases in the present study, the repulsion observed was found to be
driven by enthalpy at very short separations, which is in line with
the ‘‘water structure’’ concept of hydration theory [81,82]. In this
model, the repulsion at the interface is caused by interactions imposed
by the structure of the solvent, which implies that the mechanism is
basically of energetic origin. It should be expected that the enthalpic
contribution dominates the free energy, which is also observed in the
present study. Therefore, the steep repulsive interaction observed after
the primary contact minimum towards the PES surface should be the
result of highly organized water molecules adsorbed onto the PES
surface.

5. Concluding remarks

This work has investigated the fouling behaviour of a dilute MCC
suspension through experimental cross-flow MF and MD simulations.
FDG measurements were conducted to estimate the thickness and co-
hesive strength of the cake layers formed, while MD simulations were
carried out to determine the influence of the cellulose–cellulose and
cellulose–PES interactions on the free energy profile.

FDG measurements revealed the formation of resilient cake layers
of considerably high strength close to the PES membrane surface. This
could be explained by the primary energy minima estimated through
MD simulations, where the attractive and repulsive forces between
the cellulose particles as well as the cellulose particles and the PES
membrane are in balance. For the cellulose–cellulose interactions, the
migration of cellulose particles towards the region of minimum energy
under the influence of high local solid pressure [34] explains the
formation of resilient cellulose cake layers.

The free energy profiles showed that the stabilizing effect of these
contributions depends on the interacting face of the cellulose crystals.
Interfacial adsorption seemed to be unfavoured by the positive entropic
change and favoured by the enthalpic contribution of cellulose crystals
with the PES membrane at the contact minimum. These results indicate
that the fouling of the PES membrane via adsorption of cellulose
particles onto the PES surface is an exothermic process. Therefore,
a controlled increase in the temperature of the suspension and the
generation of less entropy by lowering the Reynolds number [37] could
aid in reducing the strength of the fouling layer.

Nomenclature

Roman

d Inner diameter of the gauge tube [m]
dp Pressure drop over the FDG probe [mbar]
d𝑡 Inner diameter of the nozzle orifice [m]
h Gauge height above the fouling layer [m]
h0 Gauge height above the membrane [m]
J Flux [L m−2 h−1]
m𝑔 Gauging mass flow rate [kg s−1]
r Interparticle separation [m]
R𝑐 Cake resistance [m−1]
𝑚 Membrane resistance [m−1]

R𝑇 Total resistance [m−1]
Re𝑑𝑢𝑐𝑡 Duct flow Reynolds number [–]

Greek

𝛥G Free energy [J mol−1 m−2]
𝛥H Enthalpic contribution to the free energy [J mol−1 m−2]
𝛿 Fouling layer thickness [m]
𝜇 Dynamic viscosity of the fluid [Pa s]
𝛱 Osmotic pressure [Pa]

−3
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𝜌 Density of the fluid [kg m ]
𝜏𝑤,𝑚𝑎𝑥 Fluid shear stress [Pa]
T𝛥S Entropic contribution to the free energy [J mol−1 m−2]

cronyms

NC Cellulose nanocrystal
OM Center of mass
FV Cross-flow velocity [m s−1]
DG Fluid dynamic gauging
D Molecular dynamics
F Microfiltration
CC Microcrystalline cellulose
PLS-AA All-atom optimized potentials for liquid simulations
ES Polyethersulfone
MF Potential of mean force
EM Scanning electron microscopy
PC/E Extended simple point-charge
PME Smooth Particle Mesh Ewald
MP Transmembrane pressure [mbar]
S Umbrella sampling
HAM Weighted histogram analysis method
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