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Abstract

Reverse osmosis (RO) is increasingly one of the most common technologies for
desalination worldwide. However, fouling of the membranes used in the RO
process remains one of the main challenges. In order to better understand
the molecular basis of fouling the interactions of a fully atomistic model of a
polyamide membrane with three different foulant molecules, oxygen gas, glucose
and phenol, are investigated using molecular dynamics simulations. In addition
to unbiased simulations, umbrella-sampling methods have been used to calcu-
late the free energy profiles of the membrane-foulant interactions. The results
show that each of the three foulants interacts with the membrane in a different
manner. It is found that a build up of the two organic foulants, glucose and
phenol, occurs at the membrane-saline solution, due to the favourable nature of
the interaction in this region, and that the presence of these foulants reduces
the rate of flow of water molecules over the membrane-solution interface. How-
ever, analysis of the hydrogen bonding shows that the origin of attraction of the
foulant for the membrane differs. In the case of oxygen gas the simulations show
that a build up of gas within the membrane is likely, although, no deterioration
in the membrane performance was observed.

Introduction

Over the past decade a growing percentage of our drinking water has been
obtained from seawater or brackish water that has been desalinated by some
means. Moreover, the fact that the population of the world is still growing and
the predicted changes to our environment and climate mean that it is likely



that in the future even more drinking water will be obtained through desalina-
tion.1™* While thermal desalination processes, such as multi-stage flash (MSF)
distillation, are still popular, especially in those areas of the world where energy
is cheap,? most desalination plants being built today remove salt from water
using reverse osmosis (RO).n34

In RO the saltwater is filtered through a membrane at high pressure, and
while the water passes through the membrane a large proportion (95-99%) of
the salt ions are unable to. The nature of the membrane plays a major role
in determining how efficient the RO process is, both in terms of the level of
salt rejection and the flow rate for a given applied pressure. Obviously the best
membranes will combine a high salt rejection rate with a fast flow rate to al-
low the maximum amount of water to be desalinated in a short time, for the
lowest possible input of energy. However, there is another factor that must be
taken into account when deciding on the choice of membrane, namely fouling.
Seawater contains a great number of species that may interfere with the effi-
ciency of, or even damage, the membrane.>® While commercial desalination
plants have a pre-treatment stage, where the most problematic compounds are
removed from the saltwater before the actual desalination process, typically by
microfiltration, it is not always possible, or economically feasible, to remove
every species capable of interfering with the RO membrane. Consequently, it is
necessary to periodically halt the RO process and reverse the direction of water
flow to flush out foulants, and ultimately to replace the membrane material it-
self. Developing membranes that are resistant to fouling, thereby maintaining
maximum operating efficiency for longer, is an important goal. Greater under-
standing of how fouling occurs will assist in this aim, and computer simulations
that can investigate the interaction of the species at the atomic level could play
a valuable role here.

The membranes currently used in commercial RO are largely based upon
two different types of polymer,’:? either cellulose-acetate (CA) or aromatic
polyamides (PA). The membranes based on CA were developed first, but due
to a number of drawbacks they have largely been superseded by membranes
based on aromatic polyamides. This newer generation of materials are thin film
composite (TFC) materials!®!2? that consist of a thin polyamide layer, approx-
imately 2000 A thick, which is responsible for the rejection of the salt ions, on
top of a thicker (~1 um) layer of a microporous material, usually polysulfone
(PS), which provides mechanical stability but plays no role in the removal of
salt from the water.

In a previous study,'® the interaction of the FT30 polyamide-polysulfone
membrane with water and salt ions was investigated, with the result that the
model was demonstrated to reliably capture the behaviour of the real system in
terms of quantities such as the water content of the membrane, the diffusivities
of ions in the saline solution, etc. The structure of polyamide FT30 is comprised
of the repeat units shown in Figure 1. For the present study the model developed
previously will be used to investigate the interaction of the membrane with three
different foulant species.

The range of molecules that are capable of fouling PA membranes is quite di-



verse but one of the most important groups of compounds are humic substances.
This family of species not only have a high fouling potential for PA membranes
but also have a relatively high concentration in water from a range of environ-
ments.>® There have been a number of experimental studies of the fouling of
RO membranes by humic substances.!* ¢ However, the large number of dif-
ferent compounds that are labelled as humic matter makes any investigation
of the interaction of the foulant and the membrane challenging. Polysaccha-
rides, such as alginic acid, are another component of the natural organic matter
(NOM) responsible for RO membrane fouling and these species too have been
investigated experimentally.6 8

Recently, there has been interest in the role that gases present in water might
have on the reverse osmosis process. A study by Rzeehowicz and Pashley'”
showed that if the saltwater was degassed before being passed through the RO
system improvements in the flow rate of the membrane were observed. While
perhaps not fouling in the traditional sense, N2 and O; gas present in water
does seem to impair the efficiency of polyamide membranes.

Three different foulant species have been chosen for investigation in the
present study in order to contrast their interactions with the membrane. As
described above, humic substances and polysaccharides are important foulants
within the NOM found in water sources. However, the wide variety of com-
pounds that constitute these substances make them difficult to simulate, a prob-
lem compounded by their large molecular weights. Therefore, it was decided
to initially use a model compound that would be representative of the inter-
actions of larger systems. Of the range of moieties that are present in humic
substances one of the most common are phenolic groups; likewise sugars are
another common group present in both humic and alginic acids. Glucose and
phenol, with their relatively simple structures, are common building blocks of
larger structures and can act as representative organic foulants. In future sim-
ulations the complexity of the problem can be expanded to investigate further
compounds of higher molecular weight. The final foulant species, O2 gas, was
chosen as an example of a simple inorganic molecule that is known to influence
the properties of RO membranes while possessing very different interactions to
humic substances.

Methods

When simulating the interface between a reverse osmosis membrane and saline
solution, it is necessary to employ large models that comprise many thousands
of atoms, such that the thickness of the membrane and solution regions are
adequate. Furthermore, both the polymer and solution regions exhibit fast
diffusion and are highly dynamic. Therefore the most appropriate technique
to sample the extensive configuration space is to employ molecular dynamics
based on classical interatomic potentials to describe the interaction energy of
the system.

As with our previous study on polyamide RO membranes!® the OPLS AA



force-field'® ° was used to model the polyamide membrane and phenol molecule.
The same force-field has also been used to describe the oxygen diatomic molecule
and its interactions. Although the oxygen molecule has a triplet ground state,
and thus the potential for spin-spin interactions between molecules exists, it is
assumed that this represents a small contribution and is neglected. The glucose
molecule is modelled with extensions to the force-field developed specifically for
carbohydrate molecules.?? 2! Water was again modelled using the rigid four-site
TIP4P-Ew model?? and the parameters for the salt ions were taken from the
work of Joung and Cheatham,?® whose parameters are specifically designed to
work with TIP4P-Ew water.

The molecular dynamics simulations were performed using a modified ver-
sion of the DL._ POLY code version 2.19?4 with the PLUMED plugin.?> The
equations of motion have been propagated using a velocity verlet algorithm with
a timestep of 0.5 fs. A smooth particle mesh Ewald sum?® was utilised to com-
pute the electrostatic interactions. Simulations were performed in either the
NVT or NPT ensembles at 300K and 1 atm using the Nosé-Hoover thermostat
and barostat?”>2® with relaxation parameters of 1.0 and 10.0 ps, respectively.

The full details of the construction and equilibration of the system have been
given in detail previously,'® and so only the final system arrangement will be
described. The systems simulated consist of a solution layer in contact with
a layer of the solvated polyamide, which in turn is in contact with a lattice
of atoms representing a coarse-grained polysulfone support. The model for
the polyamide membrane was constructed such that the water content of the
membrane is ~23% by mass and with 9.8% of the repeat units being cross-linked,
details that match structural information known about FT30.'229 The density
of the simulated membrane compares well with that of the experimental system,
1.3440.01 as opposed to 1.38 g cm™!. The polysulfone support was modelled by
a hexagonal lattice of atoms, tethered to their positions by a harmonic spring
with a force constant of 419 kJ mol™!. These atoms were assigned van der Waals
parameters of ¢ = 3.5 A and ¢ = 2.76 kJ mol, equivalent to an aliphatic
carbon in the OPLS-AA force-field, and with no partial charge. Figure 2 shows
a snapshot of the system following equilibration, but before any foulant species
is introduced.

Table 1 summarises the details of the different configurations explored for
simulations involving Oz molecules. In order to obtain statistically meaningful
results the concentration of oxygen in all the simulated systems had to be in-
creased compared with the very low concentration that would result from the
experimental solubility of this species in water. Before conducting simulations
of the polyamide membrane in the presence of oxygen, three control simula-
tions of the diatomic molecules in water at two different salt concentrations
(0.00 and 0.55 molal) and two different oxygen concentrations (0.04 and 0.07
molal) were performed. For the simulations involving the interaction of oxygen
with the membrane two sets of calculations were performed at the same two
salt concentrations, pure water and seawater (0.55 molal) and again with oxy-
gen concentrations of 0.04 and 0.07 molal. In the first set of simulations the
gas molecules were initially placed in the solution layer, 8-12 A from the mem-



brane interface. In the second set of simulations a number of oxygen diatomic
molecules were placed directly inside the membrane.

The details of the different simulations performed for the systems containing
one or more of the organic foulant molecules (phenol or glucose) molecules are
described in Table 2. The (-D-glucofuranose isomer of glucose was the molecular
configuration simulated in all the runs. Given the achiral nature of the mem-
brane polymer, it is unlikely that the choice of specific conformation for glucose
will substantially change the results. As with the oxygen systems, two control
runs with each of the organic molecules in pure water and saline solution were
carried out first in order to determine reference data for comparison. Simulation
GP1 consisted of the polyamide membrane interacting with a solution consisting
of 0.55 molal NaCl solution (seawater) and eight randomly distributed glucose
molecules. Similarly, simulation PP1 had twelve phenol molecules randomly
distributed in seawater solution above the PA membrane. For the final runs
(GP2/PP2), the components of the system remained unchanged from GP1/PP1
but rather than being randomly dispersed, the foulant molecules were placed
in close contact with the polyamide interface. This choice was made in order
to observe how the presence of the foulant molecules at the polyamide-water
boundary might influence the rate of exchange of water molecules between the
two phases.

Results and Discussion

Oxygen

The rate of diffusion of oxygen diatomics, ions and water molecules in solution
is given in Table 3. As previously reported,'® the diffusion coefficients of the
water and salt ions compare well with experimental data and show the correct
qualitative behaviour. In the control simulations, the diffusion rates of the oxy-
gen molecules are approximately the same as the water molecules. This makes
sense as the interaction between the neutral diatomic and the water is relatively
weak, and the diffusion of the oxygen molecules is simply driven by the rear-
rangements of the surrounding cavity of water molecules. The presence of the
gas molecules has no observable effect on the diffusion rates of either the water
or the salt ions at the concentrations explored. The radial distribution functions
of the oxygen molecules with the water and salt ions are shown in Figure 3. The
ordering of the water molecules and chloride ion around the oxygen molecule is
very weak, as might be expected. The water forms a cavity around the largely
hydrophobic diatomic, leading to a peak at ~3.3 A for the first shell, but with
little structuring beyond this. The radial distribution function for chloride is
similar to that of water except the first peak lies at greater distance. This
indicates that the chloride ion largely maintains its first solvation shell when
approaching oxygen. As the most strongly solvated species, sodium has quite
a different radial distribution function as it prefers to avoid being in proximity
to the cavity surround the oxygen molecule. The results are not sensitive to



the concentration of oxygen at the levels considered, with the only difference
being the smooth curves for the higher concentration as a consequence of the
improved statistical sampling.

When the oxygen molecules are placed above the membrane interface and
allowed to diffuse freely, there seems to be a general preference for the Oq
diatomics to diffuse towards the membrane and bind to the surface. This
favourable interaction between the membrane and molecular oxygen accounts for
the lower diffusion coefficients observed for this species in simulations OP1, OP2
and OP3 when compared against the control runs. While the oxygen molecules
prefer the surface of the membrane to the bulk solution, they do not appear to
be bound tightly and diffuse across the membrane somewhat. In the simulation
with the highest concentration of oxygen diatomics a single Oy molecule does
actually diffuse some way into the membrane layer having started initially in
solution.

For runs OP4 and OP5, where the oxygen molecules are placed in the mem-
brane, the gas molecules were randomly distributed within the organic layer.
As one would expect, the rate of diffusion of the oxygen molecules within the
membrane layer is significantly reduced. In fact the diffusion coefficient of the
molecular oxygen is lower than that of the water within this region. In con-
trast with the experimental results, no reduction is seen in the rate of the water
diffusion within the membrane when oxygen is present. Table 4 shows the co-
ordination number of the oxygen molecule with the various polymer functional
groups and water when in the polyamide layer, as well as the coordination to
water in solution for reference. The oxygen molecules prefer to occupy regions
in proximity to the aromatic rings, due to the fact that the phenyl rings are the
least polar part of the membrane.

In order to probe the strength of the interaction between the oxygen molecules
and the membrane layer, umbrella sampling methods were used to determine
the free energy profile associated with oxygen crossing the membrane-aqueous
interface. A set of 50 umbrellas, spaced at 0.5 A intervals were placed across
the membrane interface approximately spanning the distance between a point
14 A within the membrane up to one 10A above the membrane-solution inter-
face. The centre of mass of the oxygen diatomic was restrained to lie in a plane
perpendicular the z-axis by a harmonic potential with a force constant of 8.4 kJ
mol!, but was allowed to move freely within that plane.

Five sets of simulation runs were conducted with the initial x- and y-coordinates
of the oxygen molecule different each time, in order to examine the variability
of the membrane-solution interface. All five simulations were performed for a
system with a salt concentration of 0.55 molal and a gas concentration of 0.07
molal. All of these simulations had a duration of 550 ps; other simulation details
are as described above in the methods section.

Figure 4 shows the free energy profiles for the five sets of simulations. As
for previous profiles obtained for the diffusion of Na™ and CI" ions across the
membrane interface,!® there is quite a strong degree of variation in the profiles.
However, in all five profiles the minimum in the free energy of the profile is at
a point either within the membrane or at the membrane surface. The average



binding energy of the gas molecules to the membrane interface is calculated as
6.2 + 2.2 kJ mol!. Given that there are several possible lower energy path-
ways for oxygen to diffuse part way into the membrane, this confirms that the
observation of a molecule crossing the interface during an unbiased simulation
was not a statistical rarity caused by the initial configuration. For two of the
pathways (runs 1 and 3), there is a relatively low energy barrier of 20-30 kJ
mol! for the molecular oxygen to permeate deep into the membrane, while for
the other regions of the membrane the free energy continues to disfavour diffu-
sion of oxygen beyond the interface. This again highlights the non-uniformity
of the membrane properties in regard to its interaction with small hydrophobic
molecules.

Organic Foulants

The diffusion coefficients of water, glucose, phenol, Na®* and Cl are given in
Table 5. While the diffusion rate of glucose is reduced in the presence of salt
ions, as is usual, the diffusion coefficient of phenol shows only a small change in
seawater. The most likely explanation of this difference is that the hydrophobic
nature of phenol makes it more insensitive to saline solution. Over the course of
the simulations both foulant molecules are observed to bind to the membrane
but in different manners. The glucose molecule will bind to the membrane
surface, diffuse away from the membrane surface and then rebind multiple times
at a different locations, whereas the phenol molecules have a greater propensity
to remain bound to the membrane. The diffusion rates of both the glucose
and phenol molecule in these simulations are reduced when compared to the
control solution simulations due to the interaction of the foulant molecule with
the membrane interface. The positions of the glucose molecules over the entire
simulation time can be determined by calculating the density profile of the
systems. The density profiles for the glucose runs are shown in Figure 5 and
those of the phenol runs in Figure 6; the profiles of the water, the polyamide, salt
ions and foulant molecules have all been calculated. In simulations GP1 and PP1
where the foulant molecules where initially randomly distributed throughout the
solution there is a build up of glucose/phenol molecules on the surface of the
polyamide membrane over the course of the simulation. In GP2/PP2 where
where the glucose is initially positioned close to the polyamide interface the
distribution of this species remains in this vicinity. While the density profiles
of the two foulants show similarities, there are also differences. In PP1 there is
also a build up of phenol on the coarse-grained support layer (right hand side of
Figure 6(a)) at its interface with the solution (due to the hydrophobic nature of
phenol and the support) such behaviour is not seen in the case of glucose, which
is much more hydrophilic. There are also some differences in the density profiles
of GP2 and PP2, (Figures 5(b) and 6(b)), the glucose molecules are mostly on
found on the surface of the polyamide while in the case of phenol there is a
significant density of phenol molecules present below the surface, indicating
that some of the molecules have diffused a a short way into the membrane.
When in contact with membrane the glucose molecules form multiple hy-



drogen bonds with the polymer. The number of hydrogen bonds between the
glucose/phenol molecules and water molecules, the polyamide and other glu-
cose/phenol molecules is given in Table 6. A hydrogen bond is defined as one
where the donor and acceptor atoms are within 3.5 A of each other and the
Donor-Hydrogen-Acceptor angle is in the range 120-180°. Figure 7 is a snapshot
taken from simulation GP1 with a glucose molecule binding to the membrane.
The glucose molecules both accept and donate hydrogens with the polyamide
membrane, but on average the donation/acceptance ratio seems to be approxi-
mately 1.33:1. Relatively few glucose-glucose hydrogen bonds are formed even
in GP2, where all eight glucose molecules are at, or near to, the interface. The
results show that there are relatively few hydrogen bonds formed between phenol
molecules and the polyamide, suggesting that the binding of phenol molecules
to the polyamide surface is not primarily due to hydrogen-bonding.

As for the Og species, the binding strength of the glucose and phenol molecules
to the interface was calculated using umbrella sampling methods. The procedure
adopted is generally the same as described for the case of molecular oxygen. One
change was that the distance the umbrellas spanned was shifted in a positive
direction (i.e. towards the solution region) due to the fact that the extended
size of the system could lead to a longer tail of the free energy profile towards
the solution side than seen for the oxygen diatomic before reaching a constant
value. Therefore, the umbrellas were placed so that they spanned a distance
of approximately 20 A, from a point ~ 5A below the membrane interface up
to one ~ 15A into the solution. As with the oxygen molecules, five sets of
umbrella sampling simulations were carried out with the x- and y-coordinates
of the foulant molecule differing each time. All simulations were conducted in
saline solutions that equate to seawater and with a single glucose or phenol
molecule present. It should be noted that more complex nature of the organic
molecules will lead to a greater degree of uncertainty in the free energy profiles
than for oxygen due to the larger number of unconstrained degrees of freedom
to be sampled.

The five free energy profiles obtained for glucose and phenol are shown in
Figures 9 and 10, respectively. In the case glucose the nature of all the profiles
is similar, something that is not seen for either of the other foulants or for salt
ions diffusing across the interface.'® Each profile shows a free energy minimum
at a distance of ~ 3 — 5A from the membrane interface with a sharp increase in
the free energy at distances below this, where the large glucose molecule begins
to be forced into the bulk membrane, and with a more gradual increase up to
a plateau value as the foulant moves into bulk solution. The average binding
energy of the glucose molecule to the membrane is 11.8 4 3.7 kJ mol™!, making
it more strongly bound to the membrane interface than molecular oxygen.

The profiles for phenol are more varied, although, in all cases the interaction
of the phenol and the polyamide as favourable. Two of the runs show a profile
similar to that the glucose systems with a minimum at ~ 5A above the mem-
brane interface and a sharp increase in the free energy at distances shorter than
this. Runs three and four have somewhat deeper minima at a point below the
membrane interface, and the final run has a very deep minimum indeed and the



phenol molecule has diffused approximately 5 A into the membrane (Figure 8
shows a snapshot from this run). The difference in profile is due to the fact that
the phenol molecules are observed binding in two different manners. Sometimes
the phenol molecule will bind to the membrane in a manner similar to that of the
glucose molecules with the molecule simply binding to the membrane surface.
However, if there is a pore of sufficient size nearby then the phenol molecule,
due to its planar geometry, can diffuse into the membrane a certain distance.
Because of the wide range of values obtained it does not make sense to calculate
an average binding energy for phenol. It appears that if the molecule binds to
the surface of the membrane the binding energy is similar to that of glucose,
whereas if the molecule manages to diffuse some way into the membrane then
it can bind to the polyamide more strongly.

For comparison the binding energies of of two glucose molecules and two
phenol molecules to each other in salt solution (0.55 molal) were also calculated
using umbrella sampling methods. The free energy profiles of the two pairs of
molecules interacting were calculated from a distance of 3 A out to a distance of
16 A. The other simulation details were the same as for the umbrella sampling of
the polyamide systems. The free energy profiles for both the glucose-glucose and
phenol-phenol interaction are shown in Figure 11. Neither of the interactions is
particularly strong apart from at very short distances. In the case of glucose,
as the two molecules approach each other there is a small free energy barrier at
~ 8.0A followed by a local free energy minima at ~ 6.5A; at distances shorter
than this the free energy increases sharply. The phenol-phenol interaction has
a small, < 1 kJ mol!, free energy minimum at approximately 5.0A, below
this distance the free energy rapidly increases, as one would expect. From
these results is it clear that the interaction of the glucose and phenol molecules
with the polyamide membrane is much stronger than the self-interaction of two
foulant molecules. Despite the fact that both foulants have this in common,
the evidence suggests that the driving force for the binding of the two organic
molecules to the membrane differs. The binding of glucose molecules to the
membrane surface arises from the hydrogen bonding between the foulant and the
polyamide functional groups. While there is some hydrogen bonding between
phenol molecules and the membrane, the primary driving force of phenol fouling
arises from the fact that the aromatic ring prefers the less polar environment of
the polyamide membrane to that of the bulk solution.

It is known that humic substances foul membranes by binding to the surface
of the membrane, thereby reducing the flow rate of water through the membrane
by blocking pores. While there is no pressure gradient in the present simulations,
as there would be during reverse osmosis operation, water molecules do flow
from bulk solution into the membrane layer and vice versa. The average rate of
exchange of water molecules across the polyamide interface was calculated for
a number of different simulation conditions by comparing configurations 500 ps
apart. Table 7 gives the results of these calculations. For those systems where
multiple phenol or glucose molecules are present there is a marked reduction in
the rate of exchange. It therefore seems reasonable to conclude that the organic
molecules do make it more difficult for water molecules to cross the membrane



interface. The rate of exchange of water was also calculated for the simulations
where oxygen molecules were present. For these simulations no change in the
rate of exchange is observed, reflecting the weaker binding to the membrane and
the fact the oxygen is not strongly localised in a single plane. Consequently,
water can diffuse around any oxygen that is present.

Conclusions

The interaction of a polyamide reverse osmosis membrane with three different
foulant molecules, glucose, phenol and oxygen gas, has been investigated using
molecular dynamics simulations in conjunction with umbrella sampling meth-
ods. The three foulants were chosen because of their very different natures and,
in the case of glucose and phenol, the fact that they represent two of the basic
building blocks of the wide range of organic foulants that fall under the heading
of natural organic matter. All three of the foulant species were observed to
diffuse towards and bind to the membrane interface in unbiased molecular dy-
namics simulations. However, the use of umbrella sampling allowed the binding
strength of the three foulants to be determined. The results showed that the
organic foulants bound more strongly to the membrane than oxygen gas.

The simulations indicate that the build up of oxygen gas at the surface in
inside polyamide membranes is likely, in accordance with experimental results.
The driving force for the build up the oxygen gas within the polymer membrane
may be due to a favourable hydrophobic interaction between the O2 gas and
the polyamide membrane. Alternatively, it may due to the system limiting the
amount of water cavities by having the gas molecules diffuse to the membrane
surface. Despite such as build up, no change in the rate of diffusion of water
within the polyamide membrane was observed when gas molecules were placed
inside the membrane. The reason for this might be due to the low concentration
of oxygen in the systems. However, the concentration of gas in the simulations
while low in absolute terms is high compared with the concentration in real RO
membrane systems. A more likely explanation is that no bubble of oxygen was
formed within the membrane.

For the two organic molecules investigated, phenol and glucose, both have
been shown to bind to the membrane relatively strongly. However, the behaviour
of the two organic foulants and the driving force of their attraction to the
polyamide membrane differed. Glucose molecules diffused onto the surface of
the membrane and formed hydrogen bonds with the polymer functional groups.
Phenol molecules would not only bind to the surface of the membrane but in
some cases would diffuse through the membrane pores. Moreover the primary
reason for the favourable polyamide-phenol interaction seems to be due to the
hydrophobicity of the phenol molecules. The presence of both of the organic
foulants on the membrane surface has been shown to reduce the rate of exchange
of water molecules across the membrane interface.

Over the course of the umbrella sampling simulations changes in the surface
membrane were observed and it is possible that structural rearrangments of the
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membrane may be correlated with foulant molecules binding to/being released
from the membrane surface. However, due to the number and length of the
simulations do not provide enough data for any conclusion to be draw. An in-
vestigation of such behaviour at the atomistic level would be highly challenging,
and is likely to be more successfully achieved using a course-grained model
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Run  Membrane [NaCl] / molal = Number of Location of Duration of
present, Oz molecules O2 molecules production run / ns
0C1 No 0.00 4 In solution 4
0C2 No 0.55 4 In solution 4
0C3 No 0.55 12 In solution 4
MC1# Yes 0.55 0 N/A 10
OP1 Yes 0.00 4 In solution 8
OoP2 Yes 0.55 4 In solution 6
OP3 Yes 0.55 12 In solution 6
OP4 Yes 0.00 4 In membrane 6
OP5 Yes 0.55 12 In membrane 6

Table 1: Details of the different simulations performed with O gas present in
the current study. *Results taken from Ref.!?
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Run Membrane [NaCl] / molal Number of Location of Duration of

present, foulant molecules foulant production run / ns
GC1 No 0.00 4 In solution 4
GC2 No 0.55 8 In solution 4
PC1 No 0.00 4 In solution 5
PC2 No 0.55 12 In solution 5
GP1 Yes 0.55 8 In solution 8
GP2 Yes 0.55 8 At interface 6
PP1 Yes 0.55 12 In solution 8
PP2 Yes 0.55 12 At interface 6

Table 2: Details of the different simulations performed with each of the two
organic molecules examined in the current study. Run labels commencing with
G and P correspond to Glucose and Phenol, respectively.
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Diffusion coefficient / 10 m? st

Simulation In solution In membrane
run Water 0, Na*t Cr Water 0O,
OC1 2.704+0.01 2.70+£0.18 - - - -
0C2 2.554+0.05 2.67+£0.77 1.21+0.07 1.7240.06 - -
0C3 2.58+0.01 2.56+0.15 1.24+0.04 1.71£0.04 - -
MC1 2.49 + 0.05 - 1.21£0.09 1.58+0.05 - -
OP1 2.69+0.08 1.69+0.45 - - 0.23 +0.02 -
OP2 2.554+0.13 1.56+0.30 1.234+0.06 1.63+0.04 0.20=£0.01 -
OP3 2.60+0.10 1.36+0.09 1.25+0.05 1.67+0.09 0.1940.02 -
OP4 2.76 + 0.06 - - - 0.23+£0.02 0.10£0.01
OP5 2.54 +0.10 - 1.25+£0.02 1.704+0.04 0.224+0.01 0.06+0.01

Table 3: Diffusion coefficients for water, Oz, Na™ and CI-.
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Run Coordination number

Water Phenyl ring  Carbonyl Hydroxyl Amide
0OC1 16.80+0.72
0C2 16.55+0.75
0C3 16.41+0.46
OP4 538+1.20 12.14+1.37 3.55+0.52 1.51+0.49 1.93+0.52
OP5 5.69+1.10 11.98+1.34 3.63+045 1.14+0.48 1.94+0.75

Table 4: Coordination number of O, gas with water and the different polyamide
functional groups.
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Diffusion Coefficient / 109 m? st

System InG solution In membrane
Water Foulant Na™ Cr Water

GC1 2.70£0.02 0.90+0.11

GC2 2.51+0.03 0.72+£0.06 1.244+0.05 1.524+0.05

PC1 2.71+£0.02 1.22+£0.10

PP1 2.544+0.05 1.18+0.10 1.21+0.06 1.66+0.08

GP1 2.57+0.15 054+0.13 1.294+0.12 1.724+0.18 0.25 +0.02
GP2 2.57+0.09 0.17+£0.04 1.2940.12 1.71+£0.11 0.21 £0.01
PP1 2.55+0.09 1.03+£0.17 1.264+0.11 1.68+0.11 0.22 £0.01
PP2 2.574+0.01 0.16+0.05 1.24+0.08 1.69+0.03 0.21 £0.01

Table 5: Diffusion coefficients for water, glucose/phenol, Na® and Cl". The
conditions corresponding to each run are given in Table 2.
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Number of hydrogen bonds per foulant molecule

Foulant as donor Foulant as acceptor Foulant-foulant
Water Polyamide Water Polyamide
GC1 | 2.54+1.23 - 4.51+£1.70 - -
GC2 | 2.55+0.40 - 4.29+0.57 - 0.01 +£0.03
PC1 | 0.74+£0.23 - 0.97+0.35 - 0.00 4+ 0.00

PC2 | 0.76 £0.12 - 1.02+£0.20 - 0.00 £ 0.00
GP2 | 233+£041 0.224+0.16 4.24+£0.58 0.154+0.13 0.02£0.05
GP3 | 223£0.39 0.35£0.18 3.76£0.46 0.26=+0.16 0.03 £ 0.06
PP1 | 0.74£0.13 0.04£0.06 0.91+0.19 0.03£0.05 0.00 £0.01
PP2 | 0.64£0.12 0.10£0.06 0.724+0.18 0.07£0.04 0.00 £0.01

Table 6: The number hydrogen bonds formed between the glucose or phenol
molecules and either water, the polyamide membrane, or other glucose/phenol
molecules.
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Simulation run Averaged rate of exchange of water molecules / ns

Polyamide membrane only 149+6
GP1 136 + 10
GP2 110+ 6
PP1 113+ 8
PP2 90 + 6
OP4 1514+ 7
OP5 147+ 8

Table 7: Average rate of exchange of water molecules between the bulk solution
and membrane.
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Figure 1: Two repeat units of the polyamide simulated in the present study.
The carbon, oxygen, nitrogen and hydrogen atoms are coloured grey, red, blue
and white, respectivley.
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Figure 2: The system arrangement of the polyamide membrane simulated in
the present work. The water is coloured green, the polyamide grey, and the
coarse-grained polysulfone support blue.
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Figure 3: Radial distribution functions of oxygen gas with (a) water, (b) Na™
and (c) CI taken from control runs. See Table 1 for the conditions corresponding
to each run label.
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Figure 4: Free energy profiles for an Oz molecule to cross the interface of the
polyamide membrane, determined using umbrella sampling. Negative positions
are within the membrane layer, while positive values correspond to the molecule
being in solution.
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Figure 5: Density profiles of (a) simulation run GP2 and (b) simulation run
GP3, showing the build up of glucose molecules on the surface of the polyamide
membrane.
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Figure 6: Density profiles of (a) simulation run PP1 and (b) simulation run
PP2, showing the build up of phenol molecules on the surface of the polyamide
membrane.
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Figure 7: Snapshot taken from simulation GP2 showing the glucose molecule
(yellow) binding to the membrane surface (where carbon, oxygen, nitrogen and
hydrogen are dark grey, red, blue and white, respectively).
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Figure 8: Snapshot showing a phenol molecule (in yellow) that has diffused into
the polyamide membrane (shown using a purple van der Waals surface).
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Figure 9: Free energy profiles for a glucose molecule to diffuse to the interface
of a FT30 polyamide membrane. Here zero approximately represents the mean
position of the interface with positive values corresponding to the foulant moving
increasingly into the saline solution.
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Figure 10: Free energy profiles for a phenol molecule to diffuse to the interface
of a FT30 polyamide membrane. Here zero approximately represents the mean
position of the interface with positive values corresponding to the foulant moving
increasingly into the saline solution.
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two phenol molecules in 0.55 molal NaCl solution, calculated using umbrella
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