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ABSTRACT: Reverse osmosis through a polyamide (PA)
membrane is an important technique for water desalination and
purification. In this study, molecular dynamics simulations were
performed to study the biofouling mechanism (i.e., protein
adsorption) and nonequilibrium steady-state water transfer of a
cross-linked PA membrane. Our results demonstrated that the PA
membrane surface’s roughness is a key factor of surface’s
biofouling, as the lysozyme protein adsorbed on the surface’s
cavity site displays extremely low surface diftusivity, blocking water
passage, and decreasing water flux. The adsorbed protein
undergoes secondary structural changes, particularly in the
pressure-driven flowing conditions, leading to strong protein—
surface interactions. Our simulations were able to present water permeation close to the experimental conditions with a pressure
difference as low as S MPa, while all the electrolytes, which are tightly surrounded by hydration water, were effectively rejected at the
membrane surfaces. The analysis of the self-intermediate scattering function demonstrates that the dynamics of water molecules
coordinated with hydrogen bonds is faster inside the pores than during the translation across the pores. The pressure difference
applied shows a negligible effect on the water structure and content inside the membrane but facilitates the transportation of
hydrogen-bonded water molecules through the membrane’s sub-nanopores with a reduced coordination number. The linear
relationship between the water flux and the pressure difference demonstrates the applicability of continuum hydrodynamic principles
and thus the stability of the membrane structure.

B INTRODUCTION aromatic PA layer is formed with an average thickness ranging
around 100—200 nm on the polysulfone support.”~"°
of lesser microbiological contamination, ease of large-scale

Because of dramatic industrial development and the Because

unprecedented growth of population, finding a viable

desalination method of seawater or brackish water has been fabrication, and more chemical stability than the CA-based
of great research interest and also a challenge. Reverse osmosis membrane, PA thin-film membranes have been widely
(RO) accounts for more than 50% of the currently installed adopted.” PA also shows a salt rejection rate as high as
capacity around the world because of its energy efliciency >99%.'"'* Despite development efforts for more than three
(over 50% thermodynamic efficiency), eco-friendliness, and decades, increasing polymer membrane efficiency continues to
ease of operation’ over other desalination techniques. RO is a be an active research area. For example, the recently developed

pressure driven process with differential permeability that
favors water over the ions and impurities through a selective
semipermeable membrane.” After Loeb and Sourirajan
developed a method of making the RO membrane in the
early 1960s,” it became a practical and feasible tool for water
desalination. In 1969, Dupont developed the polyamide (PA)
membrane, which, because of subsequent improvements in the = -
years since, gained wide commercial success” for RO. To date, Received: May 3, 2020 LANGMUIR
aromatic PA and cellulose acetate (CA) are the two best Published: May 28, 2020
known polymers for the RO membrane.’ The phase inversion
method is used for preparing a CA RO membrane, whereas the
PA RO membrane is fabricated via a polymerization
process.””'? Through polymerization, a dense sub-nanoporous

nanofiltration PA membrane with a unique Turing structure
demonstrates enhanced transport properties in terms of both
water permeability and water—salt selectivity."> However,
achieving high water flux without sacrificing the high salt

rejection still remains a challenge.11
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Understanding the membrane structure and the mechanism
of water transport at the atomistic scale is essential to the
design of efficient membranes. To complement experimental
efforts,"*~*" atomistic molecular dynamics (MD) simulations
have been emgloyed to investigate sub-nanoporous polymer
membranes”*~” because of its ability to provide insights on
spatial details at the atomic level at a range of time scales
spanning from sub-nanoseconds to microseconds.’’~** Atom-
istic MD simulations also have unique advantages in terms of
quantitative analysis and can take into account the complicated
chemistry and molecular structures of polymers and bio-
molecules, as well as the effects of the external environ-
ment.*>**7%7 Different aspects of the PA membrane were
successfully studied with MD, such as the structural, dynamic,
and dielectric properties of water confined by aromatic PA;****
the water flux and the ion rejection;'"****** the molecular
transport phenomena;*>*° and the membrane’s microscopic
structure.””*® In our previous study,’® we developed a fully
atomistic model of PA by a hierarchical cross-linking method,
which proved to be an efficient method.*”*" Our simulations®
predicted three structural components (parallel stacked
benzene rings, T-shaped benzene rings, and linearly bonded
neighboring rings), which are the major factors for the
membrane porosity. X-ray scattering experiments42 have
demonstrated the presence of the structural components of
parallel stacking and T-shape. Both experiments™ and
simulations™® showed that the majority of the pores in a
polymer membrane have a radius of ~0.20 nm, giving rise to
the observed membrane selectivity for salt—water separation.
Water molecules exhibit heterogeneous diffusivities inside the
inhomogeneous polymer membrane.**** More water mole-
cules are found located adjacent to the polar carboxyl or amino
groups and flow faster around benzene rings than polar
carboxyl or amino groups.'' Fast water permeation is observed
through less cross-linked regions inside the membrane.*

Biofouling of the polymer membrane is an important factor
to investigate. Such fouling can be caused by the adsorption of
microorganisms, natural organic matter, and biomolecules,
such as glucose, phenol, alginate, and proteins.*>*® It can lead
to a loss of water flux, an increase in RO system operating
pressure, and increased cleaning frequency, thereby shortening
membrane life.*® Hence, the fouling mechanism between
biomolecules and PA membrane from an atomistic perspective
is worth investigating. Hughes and Gale’s MD simulations*’
showed that glucose formed multiple hydrogen bonds with
polymer functional groups after diffusing onto the membrane,
while phenol not only adsorbed on the membrane surface but
in some cases also diffused through the membrane pores,
which they attributed to its hydrophobic nature. Leng et al.
studied the fouling mechanism of alginate on the PA
membrane, and their MD simulations showed that the ions
(Na' and Ca*") can exhibit strong binding with the carboxylate
groups of the PA surfaces.*”** In addition, extensive MD
simulations have already been successfully performed to study
and understand protein adsorption on polymers®>*’ and
crystals.”®—>* Nevertheless, simulations of the protein biofoul-
ing mechanism for the PA membrane are still limited. A
multiwalled carbon nanotube-PA nanocomposite (MWCNT-
PA) membrane with a biofoulant BSA protein was studied by
Takizawa et al, who found a stiffer, smoother, and more
hydrophilic surface morphology which altogether results in
weaker interactions between the membrane and BSA.>* As
previous studies**™**** pointed to the existence of different
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fouling mechanisms as the diversity of the foulant increases,
this serves as a strong motivation for studying the protein
biofouling mechanism on PA by atomistic simulations in this
work.

Although significant progress has been made in under-
standing water transport and salt rejection by the previous
studies mentioned above, some issues still remain unresolved.
Despite RO being a nonequilibrium pressure driven process,
equilibrium MD (EMD) studies were commonplace to
understand the structure and process.””**® Noncross-linked
or partially cross-linked PA membranes were employed in the
simulations, which are unable to represent a realistic system of
a cross-linked membrane.”** In studies with nonequilibrium
MD simulations, very large pressure differences (more than
100 MPa)'"?***"5¢ were used. In experiments, the operating
pressure is only 0.2—1.7 MPa for brackish water and 4—8.2
MPa for seawater.”’ > Studies of nonequilibrium processes
under a very high pressure difference using conventional MD
can lead to biased results.

In this study, the biofouling mechanism and the non-
equilibrium process in RO were investigated at a low pressure
drop range (5—30 MPa). Lower pressure drop results in slower
water transportation, and getting a significant transmembrane
water flow is out of the current computational capacity. This is
in the lowest range of pressure drops that can be reached by
current simulation techniques to study a successful steady-state
nonequilibrium process and significant transmembrane water
flow. Also, to understand the chemical bonds’ response of the
membrane, a reactive MD simulation and relevant parameters
are needed, which is currently outside of this MD study
investigating biofouling mechanism, water flow, and saltwater
separation. To study the protein biofouling mechanism of the
PA membrane, a small-sized lysozyme was used as a model
system to alleviate the computational load. The following
sections of this paper include a description of the simulation
methodology, results and discussion, and summary and
conclusions. In the Results and Discussion section, membrane
surface biofouling, molecular transfer of water through
membrane, and water—salt separation are discussed. This
study will provide insights for future development of a more
efficient PA membrane for advanced RO operation and
desalination.

B METHODS

All EMD and nonequilibrium MD (NEMD) simulations were carried
out using GROMACS package (version 4.6.5) in the NVT ensemble.
CHARMM force field parameters have been successfully used to
simulate the PA membrane as shown in the previously published
papers.”®** In this work, the newest version of the CHARMMS36 force
field was adopted. For water molecules, the TIP3P model was used.
The dynamic equations were integrated by using the leapfrog
algorithm with a time step of 1 fs. The system was maintained at a
temperature of 298.15 K with a Nosé—Hoover thermostat. The
particle mesh Ewald summation was utilized to calculate the long-
range electrostatic interactions, with a cutoff distance of 1.2 nm for
the separation of the direct and reciprocal space. A spherical cutoft at
1.2 nm was imposed on LJ interactions. The long-range dispersion
effect on energy and pressure was also included. A periodic boundary
condition was applied to the system along the X and Y directions.
A PA membrane with a cross-linking degree of ~70% was obtained
from our previous study.’® The water inside the membrane was kept
as it is. For all the nonfouling NEMD cases, two water baths were
added on both sides of the membrane. A single layer graphene wall
has been added at the edge of the left water bath to enable the
nonequilibrium process. The dimensions of the total system are 8.350
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X 8.508 X 24.0 nm®. Adequate ions (Na* and CI™) were added to
maintain the ion concentration of sea water in the left water bath, and
the graphene wall was subjected to the external acceleration to mimic
the transmembrane pressure difference (Figure 1). The right water

Figure 1. Initial configuration of NEMD of the PA membrane by
pulling the graphene wall in the Z direction, which is normal to the
graphene surface.

reservoir was open to the vacuum and contained no ions (Figure 1).
Finally, four systems were simulated with different pressures (AP = §,
10, 20, and 30 MPa) applied on the graphene wall.
a-m
= (M
where P refers to pressure, A is the graphene surface area, m is the
mass of the atoms that are being pulled, and a is the acceleration.

Here, to prevent the pressure driven movement of the membrane,
only eight atoms were fixed on the Z direction, which is normal to the
membrane surface. Compared to the total atom numbers (40907) of
our membrane model, this is an insignificant amount which accounted
for less than 0.02% of the total membrane atoms. All the fixed
membrane atoms were chosen to be close to the water bath at the
outlet and well distributed throughout the plane of the membrane to
mimic the polysulfone support, usually placed at the bottom of the PA
in experiments.

To simulate the biofouling of the PA membrane, an initial structure
of a lysozyme (pdb:1HWA) was obtained from the Protein Data Bank
website. The amino acid residues of histidine (His), arginine (Arg),
and lysine (Lys) were protonated, whereas glutamate (Glu) and
aspartate (Asp) were deprotonated which resulted in a net charge of
+8e. For the biofouling case, the protein structure was solvated in the
left water bath with an addition of 8 CI” to neutralize the net charge
of the protein (+8e), and then adequate Na* and CI” ions were added
to maintain the ion concentration of sea water (0.6 M). The water
bath with the structure of lysozyme was first carefully relaxed for 10 ns
before being placed on the left side of the membrane (Figure 1). The
right water bath was the same as the fouling cases and contained no
ions. In the initial configuration, the protein was observed to be at 0.8
nm in distance from the membrane surface. Finally, four systems with
the same pressure difference as the fouling cases (AP = S, 10, 20, and

30 MPa) were simulated to study biofouling in nonequilibrium
conditions.

At steady state, the water flux, ], at a certain pressure difference was
calculated through the amount of net rate water passing through a
unit area of the membrane

_ 4N
T At (2)

where A is the membrane surface’s cross-sectional area; N is the net
amount of water passed at a certain time; and t is the time. The
number of net water difference (IN) of the outlet water bath in
reference to the initial configuration was recorded for each
nanosecond. Using the linear region of the profile of N as a function
of t, the steady-state flux was calculated.

The roughness of the membrane surface has been estimated by
calculating the root-mean-square roughness,”® R, as follows

_ Z,Ll (Zi - Z)Z
Ry = . ()

where Z; is the height of the exposed atoms on the film surface, Z
represents the mean height exposed atoms and  is the total number
of exposed atoms at a specific time step.

The center of mass (COM) calibration is a common practice in the
equilibrium MD as a remedy of the “Flying ice cube” problem. It
occurs mainly due to the numerical error build-up during the integral
of the ODEs and is mainly associated with the Berendsen weak-
coupling method and a Nosé—Hoover thermostat with very large
(e.g, 20 fs) time steps. In our NEMD simulation, in which we used
Nosé—Hoover with a standard time step (1 fs), COM recalibration
has been removed. Otherwise, this might add an artificial error, which
can significantly lower the water velocity in a NEMD simulation and
result in a situation where the amount of pressure being applied on
the system might be significantly smaller than what we originally
applied externally and need an unrealistic amount of pressure to
achieve any meaningful transmembrane water transfer in the
simulation.

To study the steady-state nonequilibrium process of molecular
transfer, extensive parallel computations were performed for cases of
different pressure drops. For the cases without the addition of protein,
the simulation time is 180 ns for AP = 30 MPa, 260 ns for AP = 20
MPa, 225 ns for AP = 10 MPa, and 260 ns for AP = § MPa. For the
cases of biofouling, 200 ns simulations were performed for AP = 30
MPa, 205 ns for AP = 10 MPa, and 248 ns for AP = 5 MPa.

J

B RESULTS AND DISCUSSION

Membrane Fouling Mechanism. Our simulated cross-
linked PA membrane surface structure was observed to be
highly uneven and rough. To quantify the roughness of the PA
membrane, we calculated the root-mean-square roughnessé8
(Rq) of the membrane surface close to the protein, which was

Figure 2. Lysozyme adsorption on the PA membrane: (a) lysozyme adsorption trajectory; (b) full adsorption of the lysozyme at 5.5 ns [top
interfacial layer of membrane (top 0.4 nm) is rendered with a ball and stick model; the rest of the membrane is rendered with a gray colored ball

model].
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a) 5 MPa

b) 30 MPa

tlZO “|m|u“'-,~” I""‘l " “lehu Vuu‘ " m- 'l[ml L1 P 1) \!H:]

100 i

o
S

oy

= (80 T A B v Al I 3 AL 3 L DL 3D

40

nino Acid Residues

[, omaun i

I

~

0

]

TTRU nwmnn N
SIS N 001 AL 31 AR

o itord

0 50 100

t (ns)

150

100
t (ns)

150 200

[] Coil M p-sheet | p-bridge []bend [] turn [l a-helix [l 3,,-helix [ n-helix

Figure 3. Time evolution of the secondary structure of an adsorbed lysozyme on the PA membrane surface for the case of 5 and 30 MPa pressure
difference. Larger structural changes are denoted with red arrow marks.

0.44 nm. For a membrane with a total thickness of ~8 nm, this
is a large roughness. Figure S1 is rendered with the interfacial
atoms of the membrane for a better understanding of the
roughness of the membrane surface. Both of the high RMS
roughness and Figure S1 established our membrane surface as
a “peak and valley” model, which is similar to previous
simulation and experimental observations.”>®> The process of
the lysozyme protein adsorption is monitored, as shown in
Figure 2a. The lysozyme was initially placed at a distance of 0.8
nm from the membrane surface without the pressure difference
applied. The protein was observed to reorient in the bulk and
move toward the membrane surface. At around 4 ns, the
protein started to contact the surface and was then fully
adsorbed on a valley site of the membrane surface at ~5.5 ns
(Figure 2b). For further validation, four more simulations were
performed to study the protein attachment process on the
membrane, using different initial orientations and positions of
the protein on the PA membrane surfaces. In all the
simulations, the lysozyme was found to be adsorbed in a
cavity site of the membrane, which confirms that the cavity
sites are more prone to protein adsorption and also validates
the important role of roughness in the biofouling mechanism.
Our results are also in agreement with the previous
experimental observations,”°" which showed that valleys or
cavities on an irregular membrane surface are a “hotspot” for
foulant attachment, which then leads to a reduced water flux.
On the other hand, a smooth surface without cavities is less
prone to biofouling as it can trap less foulants or hold
suspended solids present in water.*"~**

To understand the interactions between the lysozyme and
the membrane, we examined the protein’s landing site on the
membrane. Hydrophilic residues (Arg2l, Lys33, Gly71,
Asnl03, and Argl28) were closest to the membrane surface.
Although the overall PA membrane surface exhibits hydro-
philicity, it consists of mixing hydrophobic moieties (e.g.,
benzene rings) and the hydrophilic moieties (e.g, the polar
atoms of N and O). Further studies in the future are desirable
to reveal the correlation of protein attachment on the mixed
hydrophobic/hydrophilic surfaces. Four other cases of
simulation were performed for a validation purpose, where
the hydrophilic residues were also found to be nearest to the
surface after adsorption. Our results show that after 5.5 ns of
the initial event of protein adsorption, protein—surface
Lennard-Jones interaction energy (E;; = —250 kJ/mol) is
one order of magnitude higher than the protein—surface
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electrostatic interaction energy (E,. = —50 kJ/mol). Few
previous studies”*® referred to an “ionic bridge” model for the
PA membrane and foulant interactions with the organic
molecules of humic acids,”>*® where ions such as Ca** and Na*
can exhibit strong binding with carboxylate groups in the PA
surface, leading to PA-alginate fouling.zs’48 For our case, no
ion-mediated interactions were observed between the adsorbed
protein and the PA membrane. Likewise, Gray and co-workers’
study®® of the interactions between the BSA protein and the
PA membrane reported the absence of ionic bridge
interactions. No #z—n stacking interactions between the
aromatic benzene rings of the PA membrane and the protein
were detected, as lysozyme’s residues with aromatic groups
(Phe, Tyr, and Trp) tend to be far from the membrane surface.
Further investigations are needed to confirm the role of ions in
the biofouling mechanism by using different proteins in
solutions with the addition of other electrolytes at different
conditions.

To quantify the protein’s structural deformation upon
adsorption, two simulation works were performed to monitor
the amino acid residues’ secondary structures (Figure 3) of the
adsorbed lysozyme and root-mean-square-displacement
(RMSD) (Figure 4), with different pressure differences (AP
= 5 and 30 MPa) applied to both sides of the reservoirs. Both
simulations were started using the same configuration taken
from the equilibrium conditions (Figure 2b). As shown in
Figure 3, after the lysozyme is adsorbed onto the membrane at

sl ——5MPa M .
‘ -+ 30 MPa v ; v
g 06 vV i |
E v . v: ! Jl . ]
oty I 1Tk i L“H
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Figure 4. RMSD of amino acid residues for AP = 5 and 30 MPa.
RMSD was computed using a protein’s heavy backbone, excluding
hydrogen atoms. The initial conformation of the lysozyme in the bulk
water away from the surface was used as a reference to the
computation of RMSD. Regions with a large RMSD are indicated by
black arrows for S MPa and red arrows for 30 MPa.
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~S5.5 ns, several changes in the protein secondary structure
were noticeable. At AP = 5 MPa, large changes were observed
at Tyr20-Glu3S, Asn77-Leu83, and Vall20-Argl28 (Figure
3a). An additional change from turn to coil in the residues of
Lys97-Trpl08 was detected for (Figure 3b) AP = 30 MPa.
These local areas of large secondary structural changes also
correspond to the area around the protein adsorption site.
These structural changes were identified during the initial stage
of the protein adsorption (200—300 ns). The result shows
significant structural changes for both cases (S and 30 MPa)
compared to their initial structure, but little difference among
them with more structural changes occurring for 30 MPa.
These large structural rearrangements were also evidenced by
the larger RMSD at these regions around the hydrophilic
amino residues (Arg21, Lys33, Gly71, Asnl03, and Argl28)
(Figure 4), which were in close proximity to the polymer
membrane surfaces. Few other regions away from the surface
around Arg5S and Thr47 also displayed a large change.
Compared to the low-pressure difference at AP = 5 MPa,
protein exhibited a larger RMSD (e.g, Gly67-Pro70 and
Met105-Asp119) at AP = 30 MPa (Figure 4), which indicates
more structural rearrangement because of the higher pressure.
It is notable that despite the abundance of benzene rings in the
PA membrane and the hydrophilic polar groups, which
introduce large water content inside the membrane, the
adsorbed lysozyme showed structural changes consequently
increasing the protein’s interactions with the polymer
membrane surface (see Figure S2 in the Supporting
Information). In contrast, previous studies showed that on
the flexible azobenzene-terminated alkyl brush surfaces, the
lysozyme exhibited relatively stable secondary structure.’®

In our study, the lysozyme diffusivity on the membrane was
computed by monitoring the mean square displacement of the
protein’s COM on the X-Y plane using the time
autocorrelation function as follows,

([r(t + AD] = r(£)")
4At

(4)

where r denotes the protein’'s COM position and t is the time.

The lysozyme diffusivity on the surface was found to be 1.49
X 107% cm?/s. Comparison of the lysozyme diffusivity on other
surfaces can reveal how much surface roughness and the
morphology can affect the mobility of the lysozyme. For
example, previous studies revealed the mobility of lysozymes
(1.8 X 107> cm?/s) on a plain graphene surface,”’ which is
significantly higher than in our case. On the other hand,
lysozyme on azobenzene-terminated alkyl brush surfaces,
which are also uneven and rough, shows low mobility (2.42
X 10~° cm?/ s)53 similar to PA. This result demonstrates that
the mobility of the protein surface is highly correlated with the
morphology and surface roughness.

Water Dynamics. A steady flow of the water molecules
over time after the initial period (Figure S3) in our simulations
has been observed for all the applied pressure differences in
cases without and with protein adsorption. Also, with more
pressure being applied, water permeation increases (Figure
S$3), which shows our system’s ability to facilitate steady-state
nonequilibrium conditions.

The water flux (J) through a RO PA membrane can be
represented by the Hagen—Poiseuille equation, which shows
the relationship of ] with the membrane’s structural properties,
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the fluid properties, and the operating conditions, for example,
the pressure difference, temperature, and the salt concentration

er,
J= —2 (AP — An) = « (AP — An)
87Ln (%)
where ¢ stands for the surface porosity; r,, is the effective pore

radius; 7 is the pore tortuosity; L is the membrane effective
thickness; and 7 is the water viscosity, which is mainly a
function of temperature; k is the water permeability; and Ax
represents the osmotic pressure, which can be estimated using
the van’t Hoff relationship, assuming the ideal solution

An = RTAC (6)

where R is the ideal gas constant; T is the temperature; and
AC is the concentration difference for reservoirs on both sides.
Equation S shows a linear relationship between the flux and
pressure drop, which is important to demonstrate the
applicability of continuum hydrodynamic principles and thus
the stability of the membrane structure. Although it is out of
the scope of this study to investigate other macroscopic
properties of the membrane and fluid, we calculated the pore
size distribution (Figure S4) for both S and 30 MPa. The result
shows that pressure drops within the range of 5—30 MPa have
negligible effects on the pore size distribution (Figure S4) and
the membrane thickness (Figure SS).

In our system, AC is 0.6 M for both Na* and Cl” ions, and,
accordingly, Az is 2.974 MPa. At the same AC, we applied
four pressure differences (AP = S, 10, 20, and 30 MPa), which
are larger than Az, to investigate the pressure-driven
nonequilibrium processes of the PA membrane without surface
biofouling. Three more cases of pressure differences (AP = §,
10, and 30 MPa) with the addition of a lysozyme molecule
were investigated to study the biofouling effect on water
permeation.

Figure S shows that the average molecular flux of the water
displays a linear relationship with the increasing amount of

T T T T T
~ 0.05F -Nullibuii;1g (NF) = 4
&; ' | | * Fouling (F)

----- Linear Fit of of NF
SS 0.04F - Linear Fit of of F . b
£ | il .- o
7 0.03F <
3 P .-
= r - T ]
8 0.02- ]
[} t e -
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g L
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Figure 5. Average water flux (J) as a function of pressure difference
(AP). Average water flux was calculated by calculating the slope of the
net molecule number of waters. Three fluxes were calculated by
considering net molecules passed over time (Figure S3a,b) after 80 ns,
after 120 ns, and 160 ns. Then, the average flux and standard error of
those three measurements at different times have been calculated.

pressure difference for both fouling and nonfouling cases. For
all the fouling and nonfouling cases, the average flux is
calculated by taking the slope of three different regions (from
80 ns, from 120 ns, and from 160 ns), as shown in Figure
S3a,b. Also, the standard error of the average water flux is
calculated and showed as an error bar in Figure S. In the

nonfouling case, the molecular flux was ~0.011 molecules ns
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Figure 6. (a) Water coordination number (N,) in the water bulk and inside the membrane under AP = S and 30 MPa. The position at = 0.33 nm
is indicated by a black dashed line. (b) Snapshot of hydrogen bonds inside the membrane.

nm™> for 5 MPa, which increased (~0.017 molecules ns™'
nm2) with a pressure difference of 10 MPa. At 30 MPa, the
molecular flux was recorded at 0.051 molecules ns™'-nm™>,
which was around S times faster than the 5 MPa cases. By
applying the linear fit on the flux, water permeability x is
estimated to be 0.0015 molecules ns™' nm™> MPa™!, which
suggests that with every unit (MPa) increase of pressure drop,
the molecular flux will increase by a factor of 0.0015. The
linear relationship of the flux and pressure difference also
indicates the stability of the overall membrane structure as a
function of the structural factors of 7, r,, and L (see eq 5)
throughout the pressure differences till 30 MPa. This was also
verified by the fact that both pore size distribution and the
membrane thickness remained largely unchanged with the
increasing pressure difference till 30 MPa.

In some previous studies,'">»*”*° large pressure differences,
which are experimentally not feasible (100—270 MPa), were
applied and then the value of the water flux at the lower AP
was predicted by extrapolating the data of | — AP. Our
simulations can mimic the process of water permeation at low
pressure differences close to the industrial conditions, for
example, AP = § MPa, to establish a direct correlation between
the flux and the pressure difference. In our study, for a S MPa
pressure difference, the membrane thickness was ~8 nm, while
the water flux was 0.011 molecules ns™' nm™2, which is close to
the experimental range'" of 0.026—0.107 molecules ns™' nm ™2
More studies on the effect of the membrane thickness on water
flux will be carried out in our future investigations.

We should stress the fact that in our NEMD simulations,
removal of the motion of the COM was avoided. In general,
such a correction is a common practice in MD simulations to
avoid the overall movement (icy moment) of the whole system
caused by the round-oft errors of numerical computations. The
translational and rotational motions of the COM for the entire
system have been usually considered as zero and the overall
momentum is conserved, if no external force or field is applied.
For a system like ours in a nonequilibrium steady state, if
performed as in the general practice, the COM recalibration
can add an artificial error to the velocities of the water
molecules; hence, the effect of the external pressure difference
will not be correctly applied, which can lead to an unrealistic
high-pressure difference. In our simulations, the membrane
surface was constrained by constraining several atoms of the
sub-nanoporous membrane (see the section of Methods). This
strategy prevents the shifting of an unrealistic icy motion of the
whole system and can also present the water flow at the
nonequilibrium steady state at a much lower pressure
difference, which is close to the experimental/industrial
operating conditions. Whereas other studies required higher
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pressures to observe water transportation through the
membrane, which is practically not viable.'">**7

We also studied the effect of biofouling on the water
transportation at AP = 5, 10, and 30 MPa in the
nonequilibrium steady state. Like the nonfouling cases, the
flux increases in a linear fashion as the pressure increases. As
expected, the average flux in all three biofouling cases were
lesser than their fouling cases, and with the pressure difference
increasing, the absolute difference of the molecular flux
between fouling and nonfouling also rises significantly. For
the 5 MPa case, the flux was recorded as 0.004 molecules ns™*-
nm™?, which was lesser than half of the case without biofouling.
At 30 MPa, the water flux was recorded as 0.0305 molecules
ns~''nm %, which was significantly less than the case without
biofouling (0.051 molecules ns™'nm™2). To quantify as an
overall trend of the flux drop permeability, k for the biofouling
case was estimated at 0.0011 molecules ns™'-nm™2, which is
27% smaller than in the nonfouling cases. In our computation
of the water flux for the surfaces adsorbed with a lysozyme
protein, we used the same entire cross-surface area as that of
the nonbiofouling surfaces in order to show the biofouling
effect on the water flux. Therefore, the decrease in the water
flux is mainly attributed to the reduction of the membrane
surface area available for water permeation, as the lysozyme
protein was adsorbed on the membrane and less water
transferred across the membrane surface. It is notable that the
adsorbed protein can also modify the membrane surface’s
physical properties, such as the polarity and charge
distribution, and affect water permeation. Further studies are
desired to investigate such more sophisticated factors that arise
from the adsorbed foulers on membrane surfaces.

To characterize the water structure at different conditions,
we calculated the water coordination number (N.), which
quantifies the number of the neighboring water molecules
surrounding a water molecule at a certain radial distance (r).
As shown in Figure S, N_ is higher in bulk water than inside the
membrane for both cases (AP = S and 30 MPa). Water
molecules inside the membrane were trapped inside the cage-
like structure of the membrane (Figures 6 and S6 in
Supporting Information). Qur previous study showed®® that
for water molecules inside the membrane, only the first
hydration shell exists, while the second hydration shell
disappears. In this study, the bottom of the first hydration
shell was used as a cutoff distance (r = 0.33 nm) to compute
N.. The bulk water coordination number was recorded as 4.5,
while inside the membrane it was ~2.8 for both 5 and 30 MPa.
This result suggests that the average number of water
molecules in the water’s first hydration shell inside the
membrane is 38% less than bulk water. The N_ of water
inside the membrane at nonequilibrium conditions is close to
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the value of the membrane at equilibrium solvation conditions
because of the hydrogen bonding inside the pores of the
polymer membrane (Figure 6). This indicates that, although
the pressure drop increases the water flux, it bears no
significant effect on the water structure inside the membrane.

To describe the dynamics of water molecules in the interior
area of the membrane, we calculated the self-intermediate
scattering function (SISF), which is the self-part of the Fourier
transform of the distribution function of the single-water
positions in space

Bk, 1) = = (cos(k[5(1) = (0)) o

where N is the number of the oxygen atoms of water; k
represents the wavevector; r;(0) is the initial position vector of
the i-th oxygen atom; r,(t) is the position vector of the i-th
oxygen atom at time t; and the angular brackets stand for the
time autocorrelation function. Our previous study’® showed
that the majority of the pores’ diameters are ~4 A. We first
computed F,(kt) using the simulation of the solvated PA
membrane at the equilibrium conditions obtained from our
previous studies.’® Figure 7 shows the SISF at three different
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Figure 7. SISF F(k,t) of oxygen atoms of water molecules inside the
membrane at wavenumbers k = 0.1, 0.25, and 0.303 A™! for the
membrane at equilibrium conditions (straight lines) and the
nonequilibrium with AP = 0.5 MPa (dash-dot lines).

wavenumbers: k = 0.303, 0.25, and 0.1 A}, which correspond
to the hydrogen bond length, the diameter of major pores, and
the length more than the maximum pore size, respectively. The
decay of Fy(k,t) can be described with a stretched exponential
relaxation function, that is, the Kohlrausch—Williams—Watts
(KWW) function

E(k, t) =erXP(—(£)ﬁ] (8)

where fo is the Debye—Waller factor; 7 represents the
associated relaxation time; and f is the stretching parameter
(see Table 1 and Figure S7 in the Supporting Information).
Given small displacement distances, which are less or equal to
the size of major pores, both F,(k;t) curves of k = 0.303 and
0.25 A™" show a slight difference (Figure 7 and Table 1). Both
of them exhibit fast decay with small relaxation time (7 = 0.343
and 0.208 ns, respectively) and small stretching parameters (/3
= 0.262 and 0.24S, respectively), which indicates the fast
dynamics of coordinated water molecules inside the pores.
After the initial quick decrease in F(k,t), a slower decrease
follows because of the slow dynamics of water molecules,
which are highly trapped inside the pores of the membrane.
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Table 1. Comparison of the Fitting Parameters of the
Stretching Exponential Functions at the Equilibrium State
and the Nonequilibrium State With AP = 0.5 MPa

k fa 7 (ns) B
0.1 A™! equilibrium 1.068 3.22 0.399
AP = 0.5 MPa 1.046 322 0.468
025 A™! equilibrium 1.034 0.344 0.262
AP = 0.5 MPa 1.034 0.338 0.280
0.303 A—! equilibrium 1.021 0.208 0.245
AP = 0.5 MPa 1.025 0.218 0.252

For a larger displacement (k = 0.1 A™"), F,(kt) displays a
much slower decrease (7 = 3.22 ns), and a larger stretching
parameter (ff = 0.399) is detected (Figure 7 and Table 1). The
slow decay is attributed to the longer time scale for water
diffusion across the steric barrier of different pores. Similar
dependency of F,(kjt) of the water molecules on the pore size
or wave numbers has also been reported in previous
studies.®*%

For the purpose of comparison, the SISF was also used to
characterize the water dynamics in the interior area of the
membrane under nonequilibrium conditions (AP = 0.5 MPa)
(Figure 7). Table 1 and Figure S7 in the Supporting
Information compare the results of simulations and the curve
fitting. The comparison shows that for a larger displacement (k
=0.1 A™"), the pressure difference introduces a larger effect on
the value of the stretching parameter f3, compared to the small
displacements (k = 0.303 and 0.25 A™"). It suggests that the
pressure gradient helps water molecules overcome the energy
barrier and transport across polymer membrane pores.

Salt and Water Separation. To understand the salt
rejection performance of the membrane under nonequilibrium
conditions, the density profiles of the membrane, water, and
ions across the box for varying pressure differences (AP = §,
10, 20, and 30 MPa) were monitored. Figure 8a compares the
density distribution of different components in our simulation
system for the case with a pressure drop of 5 MPa. It is notable
that the densities shown in Figure 8a do not present the real
densities. They were computed based on the total volume
without taking into account the polymer atoms’ exclusion
volume. The ion concentration decreases at the polymer—
water interface from the bulk value to zero. The coordination
numbers of Na* and Cl~ ions at the interface were computed
using a cutoff distance of the width of the ion’s first hydration
shel: 4 A for Na* and 3.8 A for CI. The numbers of
coordinated water for CI~ and Na' ions are ~7 and ~6,
respectively. Both of these interfacial values are the same as the
values of ions in bulk water.””®” It suggests that an electrolyte
of Na* or CI” in the interface is surrounded tightly by its
hydration water shell just like in the bulk. These ions, strongly
surrounded by water layers, result in a total size larger than the
membranes’ pores [average pores ~0.2 nm (Figure S4)]. Thus,
hydrated ions are blocked on the sub-nanoporous membrane
surface (Figure 8a)b) because of their size and strong
interactions with hydration water. External pressure difference
and thermal forces cannot remove the hydration water
surrounding the ions. Previous studies’® showed the role of
stronger affinity of water—ion than water—water to block the
hydrated ions on the membrane interface, while letting the
water pass through the membrane. During the entire course of
simulations, no ions are detected to pass through the
membrane. Even with the increase of AP, the membrane still
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Figure 8. (a) Density distribution of the PA membrane, water, and ions (Na* and CI7); (b) snapshot of hydrated Na* ion on the PA membrane
surface; and (c) snapshot of Cl™ ions on the PA membrane surface. The configurations within the last nanosecond were used to compute the
average density distribution at AP = S MPa. It should be noted that the density is defined as the mass divided by the total volume at the Z position
in the space. Note: the density was computed using the whole volume without taking into account the polymer exclusion volume.

y

Figure 9. (a) Real water density distribution inside the PA membrane. The water molecules are color coded by their density, and the three slices
show the density distribution of water molecules with increasing distance in X direction. (b) Pore structure of the membrane drawn using the
construction of surface mesh with a probe sphere of radius 3 A shows the porous nature of the membrane.

blocks all the ions at its interface (see the case of 30 MPa in
Figure S6 in Supporting Information).

Figure 8a also shows negligible increase in the water content
at the membrane interior area, and the swelled membrane
thickness remained ~9.6 nm, which is the same as that of the
equilibrium solvation.”® While increasing pressure difference
transporting more water through the membrane, there is no
significant change in the membrane density and thickness (see
Figure SS in the Supporting Information) and water content,
which are different from the other studies,”® detected using
high AP (150 MPa). This can be attributed to the membrane’s
unchanged pore size distribution till 30 MPa (Figure S4 in the
Supporting Information), which also indicates that no
significant changes occurred in the membrane’s internal free
volume.

To further quantify water density distribution across the PA
membrane, we computed real water density using Voronoi
tessellation®* excluding the PA membrane atoms. Voronoi cells
were drawn around the oxygen atoms of water molecules
excluding the PA membrane atoms. Real water density was
calculated by dividing the mass of a water molecule with the
volume of its Voronoi cell. Figure 9 shows high bulk density of
water molecules (i.e., red color) mostly near polymer—water
interfaces. Water distribution inside the PA membrane is
highly heterogeneous as a result of the inhomogeneous
membrane structure.
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B SUMMARY AND CONCLUSIONS

In this study, we have studied the pressure driven non-
equilibrium steady-state process of a fully atomistic model of a
PA membrane using atomistic MD simulations. Our results
showed that the interfacial roughness is crucial to protein
attachment, which results in a decrease of the water flux
through the membrane. The adsorbed protein undergoes
secondary structural changes and displays low mobility on the
membrane surface. The water flux increases proportionally to
the pressure difference (5—30 MPa), indicating that the
internal structure of the membrane remains largely unchanged.
Our simulations show that at the nonequilibrium conditions,
hydrogen-bonded water molecules can permeate through a
sub-nanoporous membrane driven by the pressure drop,
although they are less coordinated inside the pores. In
contrast, the passage of ions, which are tightly surrounded by
water in the first-hydration shell, are still blocked at the
membrane surface. Water molecules are trapped inside the
cage-like structure of the membrane and display a highly
heterogeneous density distribution. The SISF analyses of water
dynamics showed that membrane pore sizes have a strong
effect on the water dynamics inside the pores. Water exhibits
fast dynamics inside a pore, whereas the trans-pore diffusion
takes a longer time. The analysis of the water’s coordination
number indicates that the increasing pressure difference does
not have any significant effect on the neighboring water
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hydrogen bonding. It should be stressed that in this study, we
were able to study the nonequilibrium process and properties
in a pressure difference as low as 5 MPa, which is within the
range of experimental conditions. Also, previous studies of
biofouling mechanisms on the PA interface at the atomistic
scale are far from adequate. Our study is an attempt to provide
new and more precise insights on PA membranes by
addressing both issues. This fundamental study will help the
design of a much more efficient antibiofouling membrane for
desalination.
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