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Membrane fouling in organic solvent environments remains poorly explored despite its significance in chemical
and pharmaceutical industries. This study uses molecular dynamics (MD) simulations and experiments to explore
lysozyme fouling in water, as well as four organic solvent environments, namely, 30 % v/v and 50 % v/v iso-
propyl alcohol (IPA), and 30 % v/v and 50 % v/v dimethyl sulfoxide (DMSO). Experimentally, flux declines were
least with IPA and worst with DMSO. Biased simulations indicate the worst fouling in DMSO is tied to the most
attractive lysozyme-membrane energy in the presence of DMSO. However, the relative attractive energies for IPA
and water do not agree with the relative flux declines, indicating other factors are more influential when the
interaction energies are similar. To understand the gentler flux decline for IPA despite the more attractive
lysozyme-membrane energy, radial distribution functions (RDFs) were obtained from unbiased simulations.
Analyss of the water and solvent films around both the membrane and the lysozyme molecule reveal that the
denser water film around both entities induced by the presence of IPA serves as a barrier for fouling and thus
leads to less flux decline. The results underscore the complexity of fouling in organic solvent systems, cautioning
against direct use of the understanding based on aqueous systems.

1. Introduction

Membrane technology has emerged as a promising and versatile
solution for various separation processes across many industries span-
ning food processing, biotechnology, and pharmaceuticals [1-3].
However, one of the challenges with membrane technology is mem-
brane fouling, whereby the deposition of materials on the membrane
results in a reduction of flux [4]. This phenomenon unfortunately leads
to a lowering of the effectiveness and efficiency of the separation process
over time [5]. To mitigate membrane fouling, a deeper understanding of
the membrane fouling mechanism is required to guide new strategies to
improve the membrane filtration operation in practice. Despite much
knowledge accumulated concerning membrane fouling in water, the

corresponding understanding in organic solvents, or a mixed system
involving organic solvents, which is commonly utilized in industries,
remains rather limited [6,7]. Many industrial operations are carried out
in organic solvent environment due to advantages like increased solu-
bility, stability, and reaction kinetics. The reported studies on mem-
brane fouling in water systems have been found to fall short of
describing membrane fouling for the organic solvents commonly used in
industries. Liu et al. reviewed the recent research related to the prepa-
ration of hollow fiber (HF) organic solvent nanofiltration membranes,
and found that the separation mechanisms in aqueous systems cannot be
directly applied to organic solvent systems due to the different physical
properties, such as the charge effect in aqueous systems that is negligible
in organic solvent systems [8]. Lay and Chew analyzed the critical flux of
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silica particles in cross-flow ultrafiltration, and reported that the
shear-induced diffusion model did not apply for ethanol and hexane, but
did for water and formamide [9]. Clearly, while much knowhow has
been advanced on membrane fouling in water environments, numerous
gaps with respect to membrane fouling in organic solvent-based mem-
brane-filtration processes exist.

Past studies have advanced our understanding of membrane fouling
in organic solvents, including correlating interfacial interactions with
membrane fouling [10-12], quantifying critical flux [9], elucidating
fouling mechanisms using fouling models [13,14], demonstrating
different flux behaviors [15-17], and modifying membranes to mitigate
fouling [18]. However, such experimental and modeling methods fall
short of providing the molecular-scale insights underlying some obser-
vations [19,20]. To this end, molecular dynamics (MD) simulation is a
useful tool based on atomistic force field parameters and solves New-
ton’s equations of motions to capture various phenomena on the nano-
meter scale (e.g., intermolecular interactions, molecular trajectory).
While DLVO or XDLVO models can provide for interfacial interaction
energy, MD simulations can additionally give useful information related
to membrane fouling like foulant trajectories, foulant-membrane dis-
tance, and density and proximity of solvation shells. Particularly for
macromolecular foulants like proteins, whereby the charges are
non-uniform, the constituent amino acid residues have been shown to
dictate fouling [21,22], suggesting the inadequacy of DLVO-type models
and thus the importance of MD simulations to bridge the gap. Also, while
MD simulations cannot model the various fouling mechanisms (e.g.,
pore blocking, pore constriction) due to the limited spatial-scale, they
reveal the molecular-level behaviors underlying the fouling phenomena.
Furthermore, while MD simulations fall short in providing direct infor-
mation on fouling reversibility or irreversibility, inference can be made
through the foulant-membrane interaction energy. Nonetheless, through
revealing free energy profiles, radial distribution functions, foulant
mobility, etc., MD simulations offer valuable insights into membrane
fouling propensity for different foulants and membranes in different
solvents [20]. Therefore, MD as a computational technique has become
increasingly popular to complement experimental results to obtain more
understanding about membrane fouling [19,20,23-25]. Mollahosseini
et al. performed MD simulations with only one protein structure, and
assessed the bonding affinity of the protein within the protein-ceramic
membrane model by quantifying the number of bonds between water
as well as the solvated protein with the membrane surface [26]. Ma et al.
highlighted the importance of local interactions in governing protein
fouling behavior, which explains why macroscopic measurements like
zeta potential of foulant and membrane are known to fall short of pre-
dicting membrane fouling extents [21,22]. Additionally, it was shown
via MD simulations that, other than the well-reported foulant-membrane
interactions, the competitive adsorption between solvent and foulant
onto the membrane has a significant effect on the extent of fouling [27].
Regarding membrane fouling by macromolecules in mixed-solvents
environments, MD simulations are expected to provide valuable in-
sights on the multifaceted phenomena. This motivated the current study.

Lysozyme was studied here, since it is a relatively small protein with
stable and well-known folding patterns, which allows investigation
under different experimental conditions without significant degradation
[28]. Also, since the structure of lysozyme has been extensively studied
[29], it serves as a well-characterized model system to investigate the
mechanisms of macromolecular fouling, which can then be a valuable
benchmark for other macromolecular foulants with non-uniform
charges. Since different solvent environments have been known to
affect the fouling behavior, this study focused on lysozyme fouling in
two different concentrations of isopropyl alcohol (IPA) in water and two
different concentrations of dimethyl sulfoxide (DMSO) in water. DMSO
and IPA were selected as the solvents due to their frequent use in the
pharmaceutical industry, especially in chemical reactions as well as
purification processes [30-33]. As organic solvent filtration applications
proliferate, the results here contribute to the knowledge base by
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benchmarking the effect of different organic solvents against that of the
well-studied water systems.

Accordingly, this study used a dead-end filtration cell to evaluate
fouling of aluminum oxide membranes by lysozyme during ultrafiltra-
tion in five different solvent environments at the same transmembrane
pressure (TMP). The concentrations of IPA or DMSO tested were up to
50 % v/v of solvent in water, which is the highest limit for dissolving
lysozyme particularly for DMSO [34,35]. Specifically, five solvent sys-
tems assessed were water, 30 % v/v IPA in water, 50 % v/v IPA in water,
30 % v/v DMSO in water and 50 % v/v DMSO in water. In parallel, MD
simulations were carried out to provide molecular-level insights on
fouling to supplement the experimental results by quantifying the free
energy terms and generating dynamic trajectories of the lysozyme
molecule. Steered molecular dynamics (SMD) simulations (or biased MD
simulations) were conducted to compute the free energy profile of
lysozyme and the membrane in the different solvents. In addition, un-
biased simulations were performed to assess the adsorption frequency of
lysozyme, followed by generating the radial distribution function (RDF)
plots. The coupling of experimental and simulation results is expected to
provide insightful mechanistic understanding into fouling behaviors in
various solvent environments.

2. Methodology
2.1. Materials

Whatman Anopore aluminum oxide membranes, which are resistant
to organic solvents, were used in this study. Each Anodisc membrane,
which had nominal pore sizes of 0.1 pm and was 47 mm in diameter, had
straight-through pores and narrow pore size distributions.

The foulant employed in the experiment was lysozyme (Sigma-
Aldrich, product number A7906), with a molecular weight of approxi-
mately 66 kDa. Lysozyme is well characterized [36,37] and served here
as a model protein to understand protein fouling.

The solvents used included deionized (DI) Water obtained from the
Milli-Q DI Water Purification System (Merck-Millipore; Massachusetts,
USA), dimethyl sulfoxide (DMSO; Fisher Scientific; analytical reagent
grade >99.9 %), and isopropyl alcohol (IPA, Aik Moh Singapore). For
the MD simulation, the chemical structures of DMSO and IPA are drawn
using Discovery Studio, as presented in Figure A2 and Table Al. Water,
IPA and DMSO are all polar; however, DMSO is polar aprotic (i.e.,
cannot form hydrogen bond), while water and IPA are polar protic (i.e.,
can form hydrogen bond) solvents.

2.2. Experimental setup and protocol

The dead-end constant-pressure ultrafiltration setup is illustrated in
Fig. 1a. All parts in contact with IPA and DMSO had to be stainless steel
or polytetrafluoroethylene (PTFE) for chemical resistance to the sol-
vents. The membrane-filtration cell was custom-made with a stainless
steel cylinder (8 mm inner diameter and 14.8 cm height) atop supports
that house the membrane (details in Fig. 1b), and had an active mem-
brane area of 1 cm?. A compressed air cylinder (Leeden) provided the
pressure needed to drive the filtration, the feed tank sat on a magnetic
stirrer device (MR Hei-Tec; Heidolph) to ensure uniform dispersion of
the feed, a PTFE diaphragm pressure gauge (Sigma Aldrich) maintained
the transmembrane pressure (TMP), the permeate tank sat on a weighing
balance (Mettler-Toledo; ML4002) to measure the change in permeate
mass, while a computer logged the data at 60 s interval via the Balance
Link software and calculated the flux using MATLAB 2019A. The
permeate flux (J) was calculated by permeate volume collected (V)
divided by the product of membrane active area (A) and time interval
between two recorded permeate volume data (i.e., 60 s):

Eq. (1)
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Fig. 1. Schematic diagrams of (a) dead-end filtration setup, and (b) details of membrane cell.

Five different solvent environments were assessed, namely DI water,
30 % v/v of IPA in DI water, 50 % v/v of IPA in water, 30 % v/v of DMSO
in DI water, and 50 % v/v of DMSO in water. It should be noted that the
upper limit was set at 50 %, because of the tendency of lysozyme to
denature and aggregate at higher concentrations [34,35]. Prior to each
test, 400 mL of the targeted feed was prepared, and 200 mg of lysozyme
was added, giving a lysozyme concentration of 0.5 g/L. Given that
lysozyme readily dissolves in DI water, for each of the four organic
solvent mixtures, 200 mg of lysozyme was first dissolved in DI water and
stirred for 5 min, then the organic solvent was added and stirring
continued for an additional 15 min. To ensure uniform dispersion, each
feed was stirred by a magnetic stirrer bar at 500 rpm for a total of 20 min
before each experiment.

During each filtration test, the feed was continuously stirred at 500
rpm. The TMP value was set at 2 bar throughout each experiment that
lasted 100 min. Each condition was tested three times to check for
reproducibility and a fresh membrane was used for each test.

2.3. MD simulations

The molecular structures of foulant, membrane, and solvent were
first built separately. The lysozyme molecule was directly downloaded
from the Protein Data Bank (ID: 253L), which has been used in earlier
membrane fouling studies [21,22]. CHARMM-GUI [38] was used to
protonate amino acid residues in lysozyme, which results in an overall
charge of +9e at neutral pH. The Anopore inorganic membrane made
from Al03 had been modeled in an earlier study [39], so the same three
dimensional crystal structure and force field parameters were used in
this study [40]. Topology files of all solvent molecules were directly

generated from CHARMM-GUI. CHARMMS36 m force field parameters
were assigned to lysozyme and solvent molecules [41], with 2D dihedral
correction map (CMAP) incorporated for the lysozyme backbone to
improve computational accuracy [42].

After obtaining individual structure files, CHARMM-GUI facilitated a
convenient system packing of all species, with representative images
shown in Fig. 1. The dimensions of the simulation box were about 100

Ax 100 A x 110 A, with the alumina membrane fixed at the bottom
throughout the simulation to avoid drifting. Lysozyme was then placed
in the center of the box with six different initial orientations to capture
possible adsorption onto the membrane surface, as per a previous study
that found local interactions were dominant [22]. Hence, for each sol-
vent, six replicate MD runs were made. Finally, the rest of the simulation
box was filled randomly with the corresponding solvent molecules.

2.4. Unbiased simulation and SMD

After assigning force field parameters to all species and packing the
system into the desired geometry shown in Fig. 2, the MD simulations
were conducted in the Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS) [43]. To boost the simulation efficiency, the
SHAKE algorithm [44] was applied to constrain all covalent bonds
containing hydrogen atoms to be rigid. A cut-off distance of 12 A was
used for non-bonded Lennard-Jones interaction, which is a commonly
chosen value in MD studies related to membrane filtration [45,46].
Periodic boundary condition was applied in all three directions. The
Particle-Particle Particle-Mesh (PPPM) method was employed for the
calculation of long-ranged electrostatic interaction in the reciprocal
space. Visual Molecular Dynamics (VMD) [47] was used for
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(b)

Fig. 2. Representative schematics of the initial MD system, with solvent composition of (a) 30 % v/v DMSO; and (b) 50 % v/v IPA. Alumina membrane is shown as
the grey slab at the bottom of the simulation box, drawn with VDW style in VMD. Lysozyme (with two different initial orientations in the two subplots) is drawn with
NewCartoon style and colored according to the amino acid residue nature: white for non-polar, blue for basic, red for acidic, and green for polar. Solvent molecules
are depicted by Line style, with cyan color for water, pink color for DMSO, and orange color for IPA. (For interpretation of the references to color in this figure legend,

the reader is referred to the Web version of this article.)

post-processing of the simulation trajectories.

Before using the enhanced sampling algorithm to calculate the po-
tential mean force (PMF) profile of lysozyme, systems must be equili-
brated and run in an unbiased manner first (i.e., no external force added
to lysozyme) to ensure convergence of free energy calculation [48].
With a time step of 2 fs, unbiased simulations were conducted for each
system for 100 ns under canonical ensemble (NVT) with temperature
fixed at 298 K using a Nosé-Hoover thermostat [49].

Biased simulations were conducted for each system subsequently to
quantify the PMF profile of lysozyme with respect to the alumina
membrane surface. One of the key benefits of biased simulation is to
force systems to visit all states of interest, since some of them may not be
readily accessible in unbiased simulation due to high energy barriers
[50]. To achieve that, external bias is added to the system such that the
free energy profile can be recovered by properly accounting for the in-
fluence of external force [51]. The reaction coordinate ¢ of biased
simulation, which is the 1D coordinate through which the system pro-
gresses, is defined to be the difference in z-coordinate between the
center-of-mass (COM) of lysozyme and surface hydrogen atoms of
alumina membrane. In other words, free energy was computed as a
function of the lysozyme-membrane separation distance via enhanced
sampling algorithm. Here we chose to apply SMD, which is a nonequi-
librium approach with relatively smaller computational cost [52,53],
and has been extensively used in past studies to explore the adsorption of
proteins to various surfaces [54-56]. Essentially, a harmonic potential
w(r; A) is applied to the adsorbed adsorbate (lysozyme in this case), and
gradually pull it away from the surface:

wle; 4) = [E(F) ~ 4 Eq. (2)

A=A+t Eq 3)
where r is the positional vector of atoms in the system, 4, is the center of
the applied harmonic potential at time t which moves with a velocity of
v, K is the force constant which should be large enough to let the stiff-
spring approximation remain valid [57]. In this study, K was chosen

to be 100 kia}\ >, with a pulling velocity of 5 %, so that reaction coordinate
mole.

£ closely follows the evolution of 1. It should be noted that the dynamic

pulling of lysozyme started at the configuration whereby lysozyme was

adsorbed to the membrane surface, and stopped when lysozyme was
fully detached and entered the bulk liquid region, which is evidenced by
the plateau of the free energy AF. For each solvent composition, there
were 18 pulling processes performed, with starting configurations cor-
responding to time points of 50 ns, 70 ns, and 100 ns of each of the six
independent runs. If lysozyme was found to be unadsorbed at any time
point, as suggested by MeiBner et al. [58], lysozyme was first pushed
toward the membrane surface with an external force and subsequently
equilibrated by removing the added force, followed by the normal SMD
pulling process. In each SMD pulling process, the amount of external
work done W was recorded every 10,000 time steps:

4
W= —Kv / [6(x];) — 40 — ve]ar Eq. (4)
0
Free energy AF was computed via the Jarzynski’s equality:
e A = (7P Eq. (5)

where f is the inverse temperature (1/kgT), and the operator means the
ensemble average of all pulling trajectories. The reference zero-point for
free energy was selected to be the maximum value of £.

3. Results and discussion
3.1. Flux decline

Fig. 3 shows the normalized flux decline trends with respect to time
for 0.5 g/L of lysozyme in various solvent environments up to 30 min.
Specifically, for fair comparison among the feeds in view of the dis-
similar initial fluxes, each flux value was normalized with respect to the
initial flux. The TMP was set to 2 bar and each experiment lasted 100
min, beyond which there was negligible change in flux decline. Fig. 3
shows typical trends for protein filtration, specifically in that the initial
flux decline is steep due to concentration polarization, and subsequently
gentler as proteins progressively deposit onto the membrane [7,59,60].
Each error bar represents the span of the data obtained from triplicates
of each feed. The error bars are the largest for 50 % v/v DMSO, reflecting
the greater variability for this system, though the underlying reason is
not clear. The different rates of flux decline for the same lysozyme
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Fig. 3. Trends of normalized flux with respect to time for filtration experiments
of 0.5 g/L lysozyme in different solvent systems operated at a constant TMP of
2 bar. Each error bar represents the span of the data obtained from triplicates of
each feed.

foulant indicate that the solvent significantly affected the fouling phe-
nomena, which agrees with earlier studies [10,13,61]. In particular,
DMSO gave worse flux declines than IPA, which indicates worse fouling
rates in the former. Some studies compare flux declines at the same
permeate volume instead of time, and thus Fig. Ala presents the flux
decline trends with respect to permeate volume, indicating that water
gave the least flux decline, followed by IPA and then DMSO. Consistent
with Fig. 3, DMSO caused worse flux decline than IPA. However, the
gentlest water decline in Fig. Ala seem to contradict that in Fig. 3, which
is tied to the initial water flux (average of 28.1 mL/cm?/s) being two-to
three-fold that for the cases with IPA (averaging 8.1-12.5 mL/cm?/s) or
DMSO (averaging 11.3-17.1 mL/cm?/s). To correct for the distinctly
different permeation rates, Fig. A1b normalizes the permeate volume (i.
e., cumulative permeate volume normalized with respect to the total
permeate volume), making the relative trends similar to that in Fig. 3.

3.2. Free energy of interfacial interaction

Fig. 4 presents the potential mean force (PMF) curves of lysozyme
with respect to the membrane surface in water, 50 % v/v IPA and 50 %
v/v DMSO, which are generated using steered molecular dynamics

—Water
—IPA_50%
—DMSO_ 50%

-450 : : :
16 21 26 31 36

Reaction Coordinate (A)

Fig. 4. PMF curves of lysozyme with respect to the membrane surface in water,
50 % v/v IPA and 50 % v/v DMSO. Free energy values are computed based on
ensemble average of all SMD pulling runs in each solvent composition (Eq. (5)).
Curves are shifted so that free energy values at the maximum reaction coor-
dinate of 36 A are zero.
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(SMD) simulations. The PMF curve cannot be determined accurately in
unbiased simulations as the system configurations or orientations are
not sufficiently sampled within the limited time scale [57,62]. In other
words, unbiased simulations cannot explore multiple position states or
ranges, and thus fall short for generating a representative PMF curve
[48,57,63]. Here, the free energy profile was generated by performing
SMD, a form of biased simulation, so that external forces can be applied
to the lysozyme molecules and simulate their movement to overcome
the high energy barriers with the membrane surface in various solvent
systems [64]. The AF values monotonically increase with respect to
reaction coordinate ¢ for lysozyme in all three solvent environments.
This implies it is energetically favorable for lysozyme to approach the
membrane surface from the bulk liquid in all cases.

The relationship between the PMF and flux decline profiles is worth
highlighting. Firstly, the most negative AF is in 50 % v/v DMSO, whose
absolute value is approximately four times that in water and twice that
in 50 % v/v IPA system. This implies that lysozyme is most strongly
attracted to the membrane surface in 50 % v/v DMSO, which agrees
with the worst flux decline (Fig. 3). Secondly, although the free energy
of absorption is more attractive in 50 % v/v IPA than in water, the flux
decline was gentler in the former (Fig. 3). This suggests that, when the
AF values are more similar, other influences may play more important
roles in governing the fouling behavior. This is congruent with a recent
review that indicated that the extent of fouling is dependent on various
types of instantaneous interactions happening concurrently within the
system rather than a single interaction energy term [20].

Hence, the biased simulation results provide the explanation that the
most extensive fouling in DMSO is due to the very significant lysozyme-
membrane interaction, but falls short for explaining the relative differ-
ence between IPA and water due to the more similar AF values between
the two. To address the differences in fouling behavior in IPA versus
water, unbiased simulation results are discussed as follows.

3.3. Minimum distances between lysozyme and membrane

The differences in the flux decline behaviors of the five solvent en-
vironments (Fig. 3) are further elucidated with the scatter plot in Fig. 5,
which summarizes the minimum distances between lysozyme and
membrane (dp,ip) for different solvent systems measured at different
time points during the simulation (namely, 50 ns, 70 ns and 100 ns).
Fig. 5 is generated using unbiased simulations (i.e., no external force
added). The calculation method used is the same as our previous study

14
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] ©100ns
10
. B
< 8
(5]
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w D
8 ° : 8
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- = .
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8 ] i
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o L8

Water 30%DMSO 50% DMSO
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30%IPA 50%IPA

Fig. 5. Scatter plot of the distribution of dp,;, sampled from three time points
(50 ns, 70 ns and 100 ns) of all 30 unbiased simulation runs in different solvent
systems. Identical markers falling into the same column represent duplicate
runs starting from different initial orientation of lysozyme.
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[22]. For each solvent system, the unbiased simulations were run six
times for different initial orientations of the lysozyme foulant, resulting
in a total of 30 unbiased simulations run for the five solvent systems.

To determine the affinity of lysozyme with respect to the membrane,
one way is to evaluate the distance of the lysozyme molecule from the
membrane surface. A small dpi, value means that the lysozyme stays
closer to the membrane, which implies a greater lysozyme-membrane
affinity and thus a higher fouling tendency. Throughout the 100 ns,
Fig. 5 shows that lysozyme exhibits a large range of dpi, values in
DMSO, while small dy,i, values in water and IPA. Two highlights are
noted. Firstly, the widest scatter of dp;, values in the presence of DMSO
implies the lysozyme-membrane affinity is highly dependent on the
initial lysozyme orientation and time step at which the distance is
measured at. This suggests that, even though the free energy of
lysozyme-membrane attraction is the greatest in the presence of DMSO
(Fig. 4), it is not directly related to the lysozyme-membrane distance. In
other words, the significantly greater lysozyme-membrane attraction in
DMSO (Fig. 4) governs the steepest flux decline (Fig. 3) rather than dpip.
Secondly, dpin is inadequate to differentiate the fouling behavior in
water versus IPA.

Fig. 5 implies other factors are at play rather than distance per se. It
should be noted that the inadequacy of such an unbiased MD setup could
be due to the insufficient spatial and time scales, which cautions the use
of such models for predictive purposes. Accordingly, the radial distri-
bution functions (RDF) among the solvent, lysozyme and membrane are
evaluated to further probe the effect of the different solvents on lyso-
zyme fouling.

3.4. Solvent films

The hydration and solvation films formed in different solvent envi-
ronments were investigated using the RDF plots between solvent mol-
ecules and membrane, water molecules and lysozyme, as well as organic
solvent molecules and lysozyme. The RDF plots, which were generated
via unbiased simulation, are used to describe the spatial distribution or
local clustering behavior of one type of molecule around another of
interest. It is denoted by g, representing the probability of finding a pair
of selected atoms at a specific distance r relative to the average proba-
bility value [65]. The RDF is represented in Equation (6), where V
represents volume of the system and p(r) is the number of atom pairs
within the spherical shell from distance r to r + Ar.

Vp(r)

8=

= Eq.
4Nmr?Ar a- (6)

The RDF plot is commonly used to illustrate the distribution of sol-
vent molecules around the foulant or membrane, which can be regarded
as a representation of the solvation film layer formed around the foulant
or membrane. This can be related to the solvation/desolvation or
hydrogen-bond forming tendencies [27,66,67].
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3.4.1. Hydration and solvation films on the membrane

The aluminum oxide surface naturally has hydroxyl groups (-OH)
formed after exposure to air or water. When creating the aluminum
oxide membrane for molecular dynamics simulations, these hydrogen
atoms attached to the membrane are included to accurately depict the
interactions between the membrane surface and solvent molecules.
Fig. 6 shows the RDF plots between the hydrogen atoms on the mem-
brane surface, and either the oxygen atoms of the solvent (Fig. 6a) or of
water (Fig. 6b). A taller peak indicates a denser solvent film, while a
peak at a smaller r value reflects a more tightly bound film. Between
Fig. 6a and b, the peak values are higher for the latter, reflecting denser
water films than that formed by IPA or DMSO. Notably, Fig. 6b indicates
that the water films on the membrane are thickened in the presence of
IPA or DMSO, which poses a barrier to the adhesion of lysozyme onto the
membrane. An earlier experimental study has also shown that denser
solvation films are tied to less fouling [27]. While the thicker water film
induced by DMSO is overshadowed by the marked lysozyme-membrane
attraction (Fig. 5), that induced by IPA plays a role in deterring lysozyme
adhesion onto the membrane and thus results in a gentler flux decline
relative to that in water alone. In particular, the significantly denser
water film in the case of 50 % v/v IPA correlates well the gentlest flux
decline (Fig. 3).

3.4.2. Hydration and solvation films on lysozyme

To understand the nature of the hydration films around lysozyme,
Fig. 7 presents the RDF analysis between the oxygen of the water
molecule with respect to the nitrogen and oxygen atoms in the amino
side chains of lysozyme. The representation by two different atoms
provides more confidence to the RDF profiles. In both Fig. 7a and b,
while the water films are consistently at the same positions, the water
films are thicker in the presence of IPA or DMSO. As with Fig. 6b, in the
presence of IPA, the denser water films around lysozyme deter the
adherence of the lysozyme onto the membrane, leading to a gentler flux
decline relative to that in water alone (Fig. 3).

On top of the water films formed around lysozyme in Fig. 7, the
corresponding organic solvent films are also assessed in Fig. 8. Similar to
Fig. 7, two representative atoms on the side chain of lysozyme were
evaluated. Focusing only on IPA versus water, Fig. 8a shows similar peak
magnitudes, while Fig. 8b shows the water film being about twice as
dense as that of IPA. Nonetheless, the highest water peak value of
approximately 2 (Fig. 8b) pales in comparison to the density of the water
films formed in the presence of IPA (Fig. 7a and b). Therefore, the denser
water films formed around lysozyme in the presence of IPA underlies the
gentler flux declines relative to that in water alone (Fig. 3).

4. Conclusion
This study was conducted to understand membrane fouling by

lysozyme in organic solvent - aqueous mixtures (namely, 30 % v/v IPA,
50 % v/v IPA, 30 % v/v DMSO and 50 % v/v DMSO), benchmarked
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Fig. 6. Solvation/hydration of membrane: RDF between the hydrogen atoms on alumina membrane surface and oxygen atoms of (a) solvent molecules; and (b)

water molecules.
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Fig. 7. Hydration of lysozyme: RDF between the oxygen atoms in water molecules and two different atoms in the amino acid side chains to represent the lysozyme:
(a) selected atoms in amino acid side chains are nitrogen atoms; and (b) selected atoms in amino acid side chains are oxygen atoms.
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Fig. 8. Solvation of lysozyme: RDF between the oxygen atom of the solvent molecules and two different atoms in the amino acid side chains to represent the
lysozyme: (a) selected atoms in amino acid side chains are nitrogen atoms; and (b) selected atoms in amino acid side chains are oxygen atoms.

against the DI water environment. Dead-end filtration of lysozyme was
performed under the different solvent environments to determine the
flux decline profiles, and both biased and unbiased molecular dynamics
(MD) simulations were performed in parallel to provide molecular-scale
insights. It should be noted that MD simulations are particularly crucial
for macromolecular foulants like proteins with non-uniform charges,
because membrane fouling extents have been reported to be poorly
correlated with macroscopic characterizations due to the governance by
local interactions.

Results indicate that the presence of organic solvent changes the
fouling behavior by lysozyme. The flux decline profiles show that the
presence of DMSO led to the worst fouling, followed by water and finally
IPA. Biased simulations reveal that the worst flux decline in the presence
of DMSO is primarily due to the significantly greater lysozyme-
membrane free energy of adsorption. However, because the more
similar AF values between water and 50 % v/v IPA are inadequate to
explain the gentlest flux decline for the latter, the RDF plots generated
via unbiased simulations were assessed to understand the roles of the
hydration and solvation films formed around the membrane and lyso-
zyme. The gentlest flux decline in 50 % v/v IPA is tied to the densest
water film induced, which serves as a barrier to lysozyme adsorption and
thus mitigates fouling.

The results here thereby demonstrate that the presence of organic
solvent interferes with the interactions between the foulant and the
membrane, with the dominant mechanism that governs flux decline
being different depending on the solvent.
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Fig. Al. Trends of normalized flux with respect to (a) accumulated permeate volume and (b) normalized permeate volume (i.e., cumulative permeate volume
normalized with respect to the total permeate volume). The feeds were 0.5 g/L lysozyme in different solvent systems and the TMP was constant at 2 bar. Each error
bar represents the span of the data obtained from triplicates of each feed.

a) b)
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Table A1

Properties of molecular structures of DMSO, IPA and water

Colour Name of atom
Yellow: Sulfur atom
Dark grey: Carbon atom
Light grey: Hydrogen atom
Red: Oxygen atom

(CH3),CHOH

Fig. A2. Chemical structures of (a) dimethyl sulfoxide (DMSO) (b) isopropyl alcohol (IPA) drawn using discovery studio.

DMSO IPA Water
van der Waals radius (A) [68] 6.67 6.55 151
Molecular weight (g/mol) 78.1 60.1 18.0
Shape Tetrahedral Linear Bent
Bond angle (°) 109.5 180 104.5
Number of Axis of rotation 3 2 1
Rotational bonds 2 2 0
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