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ARTICLE INFO ABSTRACT

Keywords: Organic fouling of polyamide membrane surfaces with alginate molecules in an aqueous solution is studied

Membrane fouling through computer molecular simulations. Here, we focus on the molecular binding properties of f-p-mannuronic

i‘l’lyamlde acid (M) and a-1-guluronic acid (G) alginate monomers on a polyamide membrane surface. Free energy calcu-
ginate

lations show that M alginate monomers exhibit significant hydrophobic attractions with certain types of benzene
ring units in a polyamide chain, though such hydrophobic interactions are not as strong as the ionic bridge
binding between the M monomer and the carboxylate group on a polyamide membrane surface. This is in
contrast to the fouling behavior of G alginate monomers to which such hydrophobic interactions with a mem-
brane surface do not exist, and the organic fouling is largely attributed to the ionic bridge binding between the G
monomer and polyamide carboxylate groups mediated by divalent metal ions. Molecular dynamics simulations
of different alginate oligomers near a polyamide surface show that hydrophobic interactions between the M-
containing oligomers and polyamide membrane surface result in a much shorter pathway of fouling than that of
pure G-oligomers. These hydrophobic interactions, together with the mobility of M monomers on a polyamide
chain surface, further reduce the docking time of M-containing oligomers compared to pure G-oligomers, and

Molecular dynamics
Water treatment

thus enhance the surface fouling.

1. Introduction

Polyamide membrane has been widely used in water treatment,
especially during seawater desalination and wastewater reclamation by
membrane separations [1-3] as a reverse osmosis/nanofiltration
(RO/NF) membrane [4-7]. However, membrane separation suffers the
fouling problem [5,8,9], especially organic fouling in which organic
species accumulate onto membrane surfaces that impacts the separation
efficiency. Developing highly efficient antifouling membranes needs a
better understanding of the foulant-polyamide molecular interactions.
From this fundamental aspect, computer molecular simulations can play
a critical role [5,8-13]. Many theoretical investigations using molecular
dynamics (MD) simulations contributed significantly to the under-
standing of water transport in membranes and ion rejection during
membrane separations [14-28]. Very recently, computer molecular
simulations have been employed to study the organic fouling of RO/NF
membranes [29-32].

Finding the highly possible fouling locations on a membrane surface
is still facing many challenges. This is largely due to the complexity of
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the chemistry and morphology of the membrane surface. Free energy
calculations to search for the binding sites that have high fouling po-
tentials can provide molecular insights into the foulant-membrane in-
teractions [32]. In this study, we focus on molecular interactions
between different building blocks of polyamide membrane and alginate
monomers. Polyamide is selected as a semi-permeable model membrane
because it is widely used in industry and has been studied extensively in
both experiments [1-3] and computer molecular simulations [30,31,
33-39]. Alginate is selected as a foulant model because it widely exists
in the environment and is one of the major contributors to organic
fouling [40-42].

In our recent MD simulation studies [30,31], we showed that diva-
lent metal ions can form very strong ionic binding between alginate
molecules and polyamide membrane surface, largely in the form of ionic
bridges that may take different molecular binding conformations and
strengths. In the present study, in addition to ionic binding, we turn to
other possible molecular binding conformations that may contribute to
the organic fouling. Our motivation is based on the following two as-
pects. First, it has been shown that membrane fouling occurs not only in
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neutral or basic aqueous solutions, but also in an acidic environment
[43]. When carboxylate functional groups on the membrane surface are
protonated in an acidic solution, ionic bridges are usually not easy to
form. Second, in our previous simulation studies [30,31], we only
considered alginates consisting of 1-guluronic acid monomers because
they tend to form alginate gels [44,45]. In this work, we will study both
L-guluronic and p-mannuronic acid monomers (L and D are named after
Latin laevus and dexter, meaning left and right) [46]. The latter also takes
a large portion of alginate population in the environment. Our simula-
tion results show that the p-mannuronic acid monomers play an even
more important role than the r-guluronic acid monomers in the initial
stage of organic fouling.

In section 2, we first introduce a hybrid method to build an amor-
phous polyamide membrane surface that can properly represent poly-
amide surface chemistry. Simulation results are presented and discussed
in section 3, followed by our summary and further discussions in section
4.

2. Computer molecular simulations
2.1. Molecular models

2.1.1. Polyamide membrane

Polyamide membrane, the widely used RO/NF membrane material
for desalination and water purification in industry, is made from the
polymerization of m-phenylenediamine (MPD, Fig. 1a) and trimesoyl
chloride (TMC, also called benzene-1,3,5-tricarbonyl chloride, Fig. 1b).
During the polymerization process, the acyl chloride groups in TMC
(-COCD) react with amine groups in MPD (-NH3) to form amide bonds
(-CONH-) (Fig. 1c). The complexity of polyamide structure originates
from its monomer structure. MPD has two amine groups (-NHj) and
TMC has three acyl chloride groups (-COCl). Therefore, some TMC
molecules react with three MPDs (molecule A in Fig. 1c), while others
react with only two or less (molecule B in Fig. 1c), resulting in complex
cross-linked structure. The survived acyl chloride groups (-COCl) in TMC
will eventually hydrolyzed to form carboxylate groups (-COO, Fig. 1cin
pink) which are negatively charged.

As far as we know, there are three typical methods to build poly-
amide block to reflect the cross-linked structural feature of the mem-
brane. The first method was proposed by Kotelyanskii et al. [36,37] with
some later revisions by others. In this method, chain structures with
alternate MPD and TMC monomers are built (Fig. 2a). In order to make a
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Fig. 1. Two molecular units in polyamide: (a) m-phenylenediamine (MPD) and
(b) trimesoyl chloride (TMC). (c) Repeated dimeric unit in a polyamide chain.
The TMC molecule marking as “A” reacts with three MPDs, while the TMC
molecule marking as “B” reacts with only two MPDs.
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cross-linked structure, a post-processing stage is introduced, in which
extra MPD molecules are added to the simulation system. Cross linking is
realized by bridging carboxylic groups separated by no more than 7 + 2
A with a bifunctional MPD monomer (the so-called distance heuristic
method, see Fig. 2a the red dashed lines). One of the advantages of this
protocol is that chain conformations are generated with the correct
Boltzmann weight. This strategy is recently adopted by Hughes et al.
[32,35] and our research group [30,31,47].

The second method was proposed by Harder et al. [34] The building
blocks in the polymer model are individual MPD and TMC monomers
(Fig. 2b). These monomers are first randomly inserted into a large MD
simulation box, followed by NPT MD equilibrium runs to reach the
experimental density of the membrane (~1.38 g/cm3) [48,49]. All
amide bonds are introduced based on a distance heuristic method. If the
distance between TMC and MPD is less than 3.25 f\, the amide covalent
bond will be set (Fig. 2b the black solid lines). The membrane structure
built by the Harder’s method is intrinsically cross-linked.

Ridgway et al. proposed the third method of building polyamide
membrane blocks [39,50]. Here, MPD and TMC monomers are alter-
nately introduced uniformly into a cubic lattice (Fig. 3). Random walks
through the monomer matrix to build MPD-TMC amide bonds are per-
formed, creating randomly folded self-avoiding polymer chains (Fig. 3,
the purple and green pathways). After completion of the polymer chain,
search for any chain-resident TMC monomer pairs that remain separated
by a common as-yet non-bond MPD monomers is performed (see Fig. 3
the two blue arrows pointing to a common MPD). Then a probability
function is introduced to determinate whether a cross-linked structure is
formed there.

The three methods discussed above have their own advantages and
disadvantages. In this study, we consider a hybrid approach to build a
polyamide membrane model by taking advantage of the three methods.
Our motivation to develop this hybrid method has two considerations.
First, the method should be able to adapt to several key experimentally
characterized surface properties, such as surface charge density, func-
tional group density, and the degree of cross-linking. Second, the
method can be easily used to control some surface properties to identify
the relationship between a specific surface characterization and its
surface fouling property. Our hybrid method consists of two major steps:
the first step is to build a polyamide surface model with the desired
surface charge density and functional group distributions; the second
step is to build the remaining bulk polyamide membrane with the
designed cross-linking ratio.

To build a membrane surface with a desired surface charge density,
we first use the modified Ridgway’s approach [39,50]. As shown in
Fig. 4a, TMC and MPD monomers are uniformly distributed on a surface.
We can control the local surface to be highly negatively charged by
removing all MPD monomers on the surface, leaving only carboxylate
groups (-COO") derived from hydrolyzed TMC monomers (Fig. 4b).
Alternatively, we can remove all TMC monomers in the surface, gener-
ating a neutral surface exposing only MPD monomers (Fig. 4c). In order
to connect all the monomers on the surface to the bulk part, a random
walk will be performed starting from the surface monomers and ending
at the bulk-surface interface (Fig. 4d). With this modified method, we
can essentially build any surface models with the desired surface charge
densities and functional group distributions. In the second step, starting
from the end units of the interfacial chains, as shown in Fig. 4d, we use
Kotelyanskii’s method [36,37] to build polyamide bulk membrane ac-
cording to proper Boltzmann weight. The membrane model built using
the hybrid method should match the chemical composition, the mem-
brane density, and the cross-linking ratio characterized by experiments.

The hybrid method which separates the surface model from the bulk
membrane has the following two advantages: First, the surface proper-
ties such as the surface charge density and functional group distributions
are controllable. Therefore, we can build representative model mem-
brane surfaces, identifying and validating some critical fouling mecha-
nisms. Such an example surface will be studied in section 3.3. Second,
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Fig. 2. Schematic of different polyamide membrane models. (a) Kotelyanskii’s method with modifications. Purple solid lines show the pre-built amide bonds. Red
dashed lines represent amide bonds formed by distance heuristic; (b) Harder’s method. All amide bonds are formed according to distance heuristic, illustrated by
black solid lines. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Ridgway’s method with random walk in a cubic 3D lattice uniformly
filled with MPD and TMC monomers. The purple and green pathways represent
two polymer chains. The blue arrows show the formation of a cross-linked
structure. Colors: red, O; white, H; light blue, C; dark blue, N. (For interpre-
tation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)

some unfavorable local structures with very high energies due to the
cross-linking heuristic method [36,37] will be avoided, resulting in
more realistic surface structures.

Polyamide surface model is built based on experimentally charac-
terized surface charge densities, yielding the surface densities of
carboxylate and amine groups around 0.4 M and 0.04 M, respectively.
These values are close to the experimentally characterized densities of
0.432 M [51] and 0.036 M [52], respectively. To build the bulk poly-
amide membrane, a total of 20 polyamide chain molecules are folded
into the simulation box with each chain molecule containing ten
repeated MPD-TMC units (Fig. 2a). MPD monomers are then inserted to
create crosslinked polyamide membrane (Fig. 2a). A total of 7020 water
molecules are added to the simulation system to hydrate the amorphous
polyamide membrane, whose dimensions are around 72 A x 36 A x 38
A. A total of 92 sodium ions are added to the system to compensate the
charged sites in polyamide membrane. Moreover, when studying ionic
bridge binding between alginate and polyamide membrane, 12 divalent
Ca%* ions and 24 ClI” co-ions are also added to the simulation system
(equivalent to ~ 0.1 M CaCl; solution). A vapor phase is maintained
above the water-polyamide complex, allowing the system pressure to be
comparable to the water vapor pressure [53,54].

Upon the completion of the MD equilibrium run of 10 ns, the bulk
membrane density and the degree of cross-linking are found to be
around 1.36 g/cm® and 43%, respectively. These results are consistent
with previous experiments and theoretical calculations [34,35,37].
[551.

2.1.2Alginate foulant

Alginates are linear polymer chains consisting of -D-(1 — 4)-man-
nuronic acid (M, Fig. 5a) and a-L-(1 — 4)-guluronic acid (G, Fig. 5b)
monomers. Fig. 5¢ and d shows the molecular configurations of M and G
alginate monomers in hydration state. In the present study, we mainly
focus on molecular interactions between polyamide chains with indi-
vidual G/M monomers, followed by further investigations between
polyamide membrane and alginate oligomers containing multiple G/M



Y. Xiang et al.

0 " et :
st 1 0 D
o R ‘ s (el
esRas IR N e
(a) Deleted MPDs
Deleted TMCs 5
\/‘. \

M alginate monomer

© 1) N

<>

hydrophilic

hydrophobic

monomers. Previously, it was reported that alginates with only G
monomers have specific spacing and geometry of the carboxylate
functional groups for cation binding [44]. The strong interactions be-
tween the divalent ions and G monomers lead to the association of
chains to form alginate gel, which is believed to be one of the main
contributors to organic fouling [45]. In the present work, we show that
the M monomers can have more complex molecular interactions with
polyamide chains than the G monomers. Considering the
acid-dissociation-constant (pKa) of alginic acid being usually around
3.38-3.65 [56,57], we anticipate that in the neutral environment (pH ~
7) all carboxyl groups in alginates are deprotonated [57]. Therefore, in
our simulation system, one sodium ion (Na®) for each deprotonated
-COO  site is introduced to balance the negative charge site.
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Fig. 4. Building a membrane surface with a
desired surface charge/functional group
densities by the modified Ridgway’'s
approach. Surfaces are represented by the
van der Waals contours. (a) The uniformly
distributed TMC and MPD monomers on a
surface; (b) Controlling the local surface
charge density to obtain a highly negatively
charged surface by removing the nearby
MPD monomers on the surface; (c) obtaining
a regional neutral surface by removing the
nearby TMC monomers on the surface; (d)
Schematic of the hybrid method in which
only polyamide chains that connect the sur-
face and the bulk regions are shown. Colors:
red, O; white, H; light blue, C; dark blue, N.
(For interpretation of the references to color
in this figure legend, the reader is referred to
the Web version of this article.)
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Fig. 5. Molecular configurations of (a) the depro-
tonated M and (b) the deprotonated G alginate
monomers. The chemical structural formula of each
monomer is shown at the top of each panel. Panel
(c) and (d) show the coordinated water molecules
around the deprotonated M and the deprotonated G
alginate monomers in hydration state, respectively.
Colors: red, O; white, H; light blue, C. (For inter-
pretation of the references to color in this figure
legend, the reader is referred to the Web version of
this article.)

G alginate monomer

2.2. Computer simulations

2.2.1Force field and simulation system

All simulations are performed using the LAMMPS computational
package [58]. We use the particle—particle particle—mesh solver to
calculate the long-range electrostatic interactions [59]. Periodic
boundary conditions are applied in three dimensions. The cutoff dis-
tance for the short-range Lennard-Jones interactions is set to 10 A. The
temperature is controlled at 296 K by the Nosé—Hoover thermostat [60].
The equations of motion of the particles are propagated through the
velocity Verlet algorithm with a time step of 1 fs in a constant-NVT
ensemble. We use the consistent valence force field (CVFF) [61] to
describe the interatomic interactions between all atoms, as implemented
in our previous work [30]. Atomic partial charges for polyamide and
alginate molecules are recalibrated by using quantum mechanical
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density functional theory calculations with the B3LYP/6-31G** func-
tional/basis set and by the CHarges from ELectrostatic Potentials using a
Grid (CHELPG)-based method [62]. We use the flexible simple-point
charge (SPC) model for water in the simulations®® 40, which is
compatible with the CVFF force field parameters. We also applied the
OPLS [63,64] force field to check against the CVFF for the purpose of
verification of simulation results. The two force fields give similar free
energy values, thus, only the results from the CVFF are reported in this
work. The Aqvist SPG-compatible ion potential parameters [65] for Na™
and Ca" ions are employed in our simulations. For halide CI~ anion, we
use the potential parameters developed by Joung et al. [66].

2.2.2Free energy calculations

The umbrella sampling method [67,68] is used for free-energy cal-
culations between alginate molecules and polyamide chain units. The
free energy profile is calculated by G(d) = - kgT In[P(d)], where kg is the
Boltzmann’s constant, T is the temperature, and P(d) is the probability
distribution of molecular sampling distance d, between the alginate
molecule and a specific polyamide chain unit. The total sampling dis-
tance d, is divided into N independent simulation segments. In each
segment i, a constrained umbrella potential is applied to the system to
obtain a biased probability distribution P(d;). The unbiased distribution
P(d), is then reconstructed through the histogram reweighting method
[67,68] for the free energy calculations. The approach allows one to
obtain the equilibrium free energy of the system. During the umbrella
sampling, a total of N = 40 succeeding sampling intervals are arranged
within the distance of d = 3-13 A, giving a sampling interval of 0.25 A in
which a harmonic spring with a spring constant of 2 kcal/(mol A?) is
used. Molecular conformations are sampled by gradually changing the
sampling distance by the spring. In each sampling interval, an equilib-
rium MD simulation run of at least 4 ns is performed to statistically
sample the molecular conformations.

~ Direction o

Solution umbrella sampling: 4

Bulk
chains

Fig. 6. Snapshot of a typical docking conformation of an M alginate monomer
on a polyamide membrane surface. The alginate monomer is represented by its
van der Waals contour. Colors: red, O; white, H; light blue, C; dark blue, N. (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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3. Simulation results

3.1. Interactions between individual alginate monomers and polyamide
chain units on a membrane surface

Fig. 6 shows a typical docking conformation of an M alginate
monomer on a polyamide membrane surface, which is built using the
hybrid method discussed in section 2.1.1. Because alginate molecules
contain both carboxylate and hydroxyl groups, they are usually
considered as hydrophilic. However, recent studies showed that algi-
nates can also have a strong binding with hydrophobic membrane sur-
faces such as polypropylene [69]. While it is known that a hydrophilic
alginate molecule can form strong ionic bridge binding with a poly-
amide membrane surface [30,31], its strong interaction with hydro-
phobic surfaces is somewhat surprising. Stewart et al. found that
alginates containing M monomers exhibit a hydrophobic behavior and
could deposit to the hydrophobic polypropylene membrane surfaces
[69]. Considering benzene rings in a typical polyamide chain molecule
on the membrane surface are possible hydrophobic groups, we are
particularly interested in the molecular interactions between the M
alginate monomer and different benzene ring units in a polyamide chain
on the surface.

To understand why the M alginate monomer shows both hydrophilic
and hydrophobic (amphiphilic) behaviors, we now consider its equilib-
rium molecular structure as shown in Fig. 5a. The downside of the M
monomer contains three non-polar hydrogen atoms which likely form a
hydrophobic side. The four hydrophilic hydroxyl groups of the M mono-
mer either lie flat or stand upward. Such an amphiphilic property — the
combination of hydrophobic downside and hydrophilic upside, is a
unique structural feature in the M monomer. For comparison, the G
monomer shown in Fig. 5b has hydroxyl groups on both sides, indicating
that very likely the G monomer will be hydrophilic on both sides. In
Fig. 5¢ and d, we show the coordinated hydration water molecules
around the deprotonated M and G alginate monomers, respectively.
Direct counting the number of coordinated water molecules on both
sides show that there are much less coordinated water molecules on the
hydrophobic side (about 4-6) than that on the hydrophilic side (about
10-14) for the M monomer (see Supplementary Information section S1),
demonstrating the amphiphilic structural feature of the M monomer. In
contrast, the number of coordinated water molecules on both sides of the
G monomer are almost equal (about 10-15), indicating that both sides of
the G monomer are hydrophilic.

To provide further insights into the hydrophobic behavior of the M
monomer due to its hydrophobic/hydrophilic structural segregation, we
use umbrella sampling [67,68] to calculate the free energy profiles be-
tween an M monomer and different benzene ring units on a polyamide
membrane surface. After structural analyses on the chemistry of
different benzene rings on the polyamide membrane surface, we have
identified five different types of benzene ring units that are summarized
in Table 1 and further illustrated in Fig. 7. These five benzene ring units
provide possible hydrophobic sites on which umbrella sampling is per-
formed to search for the free energy profile of the alginate
monomer-polyamide benzene ring unit complex, as shown in Fig. 6.

We now first study the interactions between the M monomer and
different benzene ring units on the polyamide chain surface. Here we
choose each type of benzene ring unit from multiple different sites on the

Table 1
Classification of benzene ring units on a polyamide membrane surface.

Type Chemistry environment

1 benzene ring connected to two carboxylate groups and one amide group
2 benzene ring connected to one carboxylate group and two amide groups
3 benzene ring connected to two amide groups

4 benzene ring connected to three amide groups

5 benzene ring connected to one amine group and one amide group
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connect to
other parts

Fig. 7. Summary of five typical benzene ring units on a polyamide chain molecule. Atom colors: red, O; white, H; light blue, C; dark blue, N. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

membrane surface to perform independent free energy calculations.
Free energy curves corresponding to different types of benzene ring
units are obtained by averaging over simulation results from different
sites (see Supplementary Information section S2). Fig. 8a shows the free
energy variations versus the distance d between the center-of-mass of
the M alginate monomer and the center-of-mass of specific benzene ring
unit. The free energy value at larger distance d = 7.5 A is used as the
reference point. It is interesting to see that interactions with different
benzene ring units yield very different free energy profiles which can be
broadly classified into two categories. Free energy curves corresponding
to type 3, 4 and 5 benzene units show a global minimum about —2 kcal/
mol at a distance close to d = 4 A, while those relevant to type 1 and 2
benzene units only show a very shallow energy valley at about 4.5 A,
with a much less dissociation energy of 0.5 kcal/mol. Molecular binding
conformations (Fig. 9a—c) clearly show that the hydrophobic side of the
M monomer has a strong tendency to be in close contact with the type 3,
4 and 5 benzene units, signifying a strong hydrophobic attraction. Such a
hydrophobic contact conformation is not seen in Fig. 9d for type 1 and 2
benzene contacts, in which the hydrophobic side of the M monomer
faces a much random direction. It is interesting to see that the distance of
the energy minimum for type 4 is slightly (0.2 A) larger than those for
type 3 and 5 in Fig. 8a. This is largely due to the different functional

8
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groups connected to the benzene units. Specifically, the -NH and -NHp-
groups connected to type 3 and 5 benzene rings are electron-donating
groups due to the resonance effect, while the -CO- groups connected
to type 4 benzene rings are electron-withdrawing group. Therefore, the
average partial charges of the benzene carbon atoms in type 3 or 5
benzene unit are slightly more negative (0.1e/atom) than those in type 4
benzene unit. As the electrostatic potential of the hydrophobic side of
the M alginate monomer is slightly positive [69], the slightly larger
electrostatic attraction between the hydrophobic side of the M alginate
monomer and the type 3 or 5 benzene ring unit leads to slightly shorter
equilibrium distance.

For comparison, in Fig. 8b we show the free energy profiles for the
interactions between the G monomer and the five different benzene ring
units in polyamide chains on the surface. Because the G alginate
monomer does not have any hydrophobic side, all the free energy curves
have very shallow valleys. The insignificant dissociation energies within
0.5 kcal/mol are largely attributed to the van der Waals interactions
between the foulant monomer and the polyamide membrane surface.

Given the existence of a hydrophobic side of the M alginate mono-
mer, its hydrophobic interaction with type 3, 4 and 5 benzene units in a
polyamide chain should be correlated to the less hydration state of these
three types of benzene rings. Fig. 10a shows the variations of the

\ G monomer — Typel

\ — Type 2

Free energy (kcal/mol)

Distance (A)

Fig. 8. Free energy profiles of (a) M alginate monomer and (b) G alginate monomer in contact with different types of benzene ring units in a polyamide chain
molecule (solid lines). The red dashed line in (a) and (b) represents the ionic bridge binding between two carboxylate groups from the alginate monomer and the
polyamide chain molecule. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 9. (a)-(d): Metastable conformations of the M alginate monomer near each type of benzene units on a polyamide chain. (e) Ionic bridge binding between the
monomer and the polyamide chain. (f) Variations of the free energy versus the distance s along the backbone of the polyamide chain, with the equilibrium position in
(a) setting as distance s = 0. Points a - d in panel f correspond to the positions of metastable configurations, as shown in (a)-(d), respectively. Arrows with different
colors in (a)-(d) correspond to different free energy segments in (f). Colors: red, O; white, H; light blue, C; dark blue, N; yellow, Ca®* ion. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 10. (a) Average water coordination number around the carbon atoms in each type of benzene ring units in a surface polyamide chain. All the six constituent
carbon atoms in each benzene ring are considered by calculating the average coordination numbers. The red arrow shows the approximate distance of the 1st
hydration shell. (b) Coordination numbers of water around different functional group atoms connected to different benzene ring units, including the carboxylate C
atom, the amide N atom, the amide C atom, and the amine N atom, respectively. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

coordination numbers of water molecules around the carbon atoms in
each type of benzene units in the polyamide chain. For type 1 and 2
benzene units, the water coordination number on average around the
benzene C atom within the first hydration shell (~4 A distance) varies
from 4 to 4.5, while those for type 3, 4 and 5 benzene units are only
about 2.5. Thus, hydrophobic attraction between the M alginate
monomer and type 3, 4, and 5 benzene ring units is thermodynamically
more favorable. Moreover, the relative hydrophilicity/hydrophobicity
of specific benzene ring unit is also related to the connected functional
groups. In Fig. 10b we show variations of the coordination number of
water oxygen around the characteristic atomic groups directly con-
nected to each type of benzene ring units, including the carboxylate C
atom, the amide N atom, the amide C atom, and the amine N atom,
respectively. It is seen that water molecules could form more compact

hydration structures around the charged carboxylate groups, and less
compact hydration structures around the amide groups, leading to more
hydrophobicity of the type 3 and 4 benzene units than the type 1 and 2
counterparts. This is consistent with the results shown in Fig. 10a.

In Fig. 8 we have also calculated the free energy curves of the ionic
bridge binding between alginate monomers and different polyamide
benzene ring units in the presence of divalent Ca®" ions in a 0.1 M CaCl,
solution. Such type of ionic bridge binding has been extensively studied
in our previous work [30,31,70] and only occurs for type 1 and 2 ben-
zene units which contain one or two polyamide carboxylate groups
(Fig. 7). As we find the free energy curves of ionic bridge binding are
almost the same for type 1 and 2 benzene units, only one curve is shown
in Fig. 8. Here, the free energy profile for both M and G monomers
interacting with polyamide carboxylate group exhibits a first free energy
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minimum at about 4.3 A, followed by a wide second energy minimum
between 5.2-6.7 A molecular distance. The energy barrier between the
two minima is about 6 kcal/mol. The first energy minimum corresponds
to the bidentate ionic bridge or the contact ionic pair (CIP) conforma-
tion, in which four oxygen atoms from the two carboxylate groups (one
from the alginate monomer and the other from the polyamide benzene
ring units of type 1 or 2) and four water molecules form the first hy-
dration shell around the Ca* ion (Fi g. 11a). The second broader energy
minimum corresponds to the solvent-shared ionic pair (SSIP) confor-
mation, in which the Ca* ion is coordinated with five water molecules
in the first hydration shell (two of them have association with the
carboxylate group in alginate monomer), together with two oxygen
atoms from the carboxylate group of the polyamide (Fig. 11b). The
bidentate CIP conformation is energetically more favorable than the
SSIP conformation with a further free energy decrease by about 2
kcal/mol, as shown by the red dashed lines in Fig. 8. Dissociation of the
SSIP conformation requires to overcome the last free energy barrier
close to 2 kcal/mol at about 6.7 A distance.

3.2. Mobility of individual M alginate monomers on surface polyamide
chains

The moderately strong hydrophobic interactions between individual
M alginate monomers and type 3, 4, and 5 benzene units in polyamide
chains (Fig. 8a) result in an interesting phenomenon: the foulant
monomers have the ability to “slide” along the membrane surface chains
until they occasionally meet type 1 or 2 benzene rings to leave the chain
surface. This is clearly shown in Fig. 9a-d, and in the supplemental
movie (see the Supplemental Information). Such a mobility of the M
monomer on the chain surface is quite different from the ionic bridge
binding in which the alginate monomer is almost “permanently” bound
to the carboxylate group of the chain surface through Ca®" ion (Fig. 9e).
Further free energy calculations along the backbone of the polyamide
chain surface are performed, yielding a free energy profile along the
lateral sliding direction shown in Fig. 9f. Here, the sliding distance s
starts from the equilibrium conformation between the M monomer and
type 5 benzene unit (Fig. 9a) (set as s = 0). The first free energy mini-
mum in the purple segment corresponds to the metastable conformation
in which the hydrophobic side of the M alginate monomer stays in close
contact with the type 5 benzene ring surface. This energy minimum has
the same value of 2.2 kcal/mol for the unbinding between the M
monomer and type 5 benzene ring unit (see Fig. 8a). Increasing the
distance s towards type 4 benzene unit needs to overcome the first en-
ergy barrier of ~0.75 kcal/mol. This is for the monomer to pass through
the amide group between types 5 and 4 benzene rings. Such an energy
barrier is comparable to kT (~0.6 kcal/mol at room temperature),
suggesting that the M alginate monomer can easily move between the
two types of hydrophobic benzene units (a - b in Fig. 9f). The free energy
curve for the M monomer to move between types 4 to 3 benzene units
shows the similar energy barrier (b - c in Fig. 9f). However, moving from
type 3 to type 2 benzene unit needs to overcome a much higher energy
barrier (~1.5 kcal/mol, see c - d segment in Fig. 9f). This scenario occurs
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when the carboxylate group associated with the type 2 benzene unit has
no bound Ca®" ion. Thus, the hydrophobic interaction between the M
monomer and type 2 benzene ring unit is highly unfavorable (Fig. 9d). In
a very different scenario, if the carboxylate group associated with the
type 2 benzene unit is already bound to a Ca?* ion, then there is a very
high probability that the ionic bridge between the M alginate monomer
and the polyamide chain will form through the carboxylate(M)-Ca®*-
carboxylate(connected to type 2 benzene unit) complex in the CIP
conformation (Fig. 11a). This situation can easily occur if the foulant
monomer adopts a favorable orientation towards the ionic binding site
right after the detachment from the polyamide backbone (see Figs. 9d
and 11a). The same scenario could happen for the M monomer bound to
the Ca2*-carboxylate complex associated with type 1 benzene unit.
Given the complex pathway for the M alginate monomer to form an ionic
bridge with a surface polyamide chain, we anticipate that a single col-
lective variable such as the distance s along the polyamide backbone is
not sufficient to give a complete free energy surface of the foulant-
polyamide chain interactions. However, our free energy calculations
for the M alginate monomer sliding along the polyamide backbone
shows that the moderately strong hydrophobic interactions between the
monomer and different polyamide benzene ring units significantly
decrease the docking time of the M monomer on the polyamide mem-
brane surface. This is in contrast to the G monomer which has a much
longer docking time on the membrane surface than the M monomers
(see discussions in the next section).

3.3. Fouling behaviors of different alginate oligomers on a polyamide
surface

We now consider the fouling behaviors of different alginate oligo-
mers on a specifically designed polyamide model surface. Given the fact
that oligomers containing mixed M and G monomers exhibit the similar
fouling behavior, in this section we mainly focus on the studies of M-G-M
and pure G-G-G/M-M-M oligomers.

To understand the general fouling mechanisms of these three
different alginate oligomers on a representative polyamide surface, we
build a specific membrane surface using our hybrid method (section 2).
On this surface, more negatively charged functional groups are distrib-
uted in the left region of the membrane surface and the right region of
the surface is largely kept neutral. The surface density of carboxylate
groups on the left part is around 0.8 M. Fig. 12 shows the electrostatic
potential distribution of the polyamide surface. The blue and red regions
correspond to the neutral and negatively charged surface potentials,
respectively.

Upon the membrane surface is fully hydrated, the three representa-
tive oligomers are introduced into the solution system. The initial dis-
tance between the center of mass of alginate oligomers and polyamide
surface is set to ~25 A. Following the same procedure used in our pre-
vious studies [30,31], we use a drag-and-release approach to position
oligomers near five different sites on the polyamide surface. These sites
are selected based on a simple even distribution rule: two in the nega-
tively charged region (triangle shape), two in the neutral region (oval

Fig. 11. (a) The bidentate ionic bridge or the con-
tact ionic pair (CIP) binding conformation and (b)
the solvent-shared ionic pair (SSIP) binding
conformation between an alginate monomer and a
carboxylate group of a surface polyamide chain.
The free energy minima corresponding to (a) and
(b) are located at about 4.3 A and 5.2-6.7 ;\,
respectively (see the red dashed lines in Fig. 8). The
orange arrow in (a) shows the favorable approach-
ing direction for the alginate to form ionic bridge
binding. Colors: red, O; white, H; light blue, C; dark
blue, N; yellow, Ca?* ion. (For interpretation of the

references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 12. (a) The start positions and (b) the final docking positions of alginate
oligomers on the polyamide surface. Different colors indicate different types of
alginate oligomers. The triangle, oval and hexagon shapes represent the algi-
nates starting from the negatively charged surface, neutral surface, and
boundary between the two, respectively. The colors of the polyamide surface
show electrostatic potential distributions (represented by a van der Waals
surface). (c) Schematics of the docking procedures for the G-G-G and M-G-M/M-
M-M alginate oligomers with the start positions above the neutral side of the
membrane surface. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

shape), and one located at the boundary between the two regions
(hexagon shape) (Fig. 12a). The drag-and-release approach is realized
by applying a small dragging force (0.1-0.3 nN) to the oligomer to pull
the molecule towards the five different sites. When the distance between
the nearest oligomer-polyamide atom pair is within 5 A, the dragging
force is removed and then release the alginate molecule. Usually, the
alginate oligomer could be docked on the polyamide surface. The system
is equilibrated for at least 10 ns to find the final docking position of the
oligomer. On each site, five independent simulation runs are performed
for each oligomer, resulting in a total of 75 equilibrium simulation runs.

Fig. 12b summarize the final docking positions of the three alginate
oligomers. It is seen that the G-G-G oligomers (pink symbols) only de-
posit on the negatively charged region through ionic bridge binding with
the exposed carboxylate groups on the polyamide surface. We find that a
total of seven out of ten G-G-G oligomers from the neutral region (pink
oval symbols) migrate to the red negatively charged region, while the
other three samples still stay in the solution during the simulation runs.
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Further trajectory analysis reveals that the seven G-G-G oligomers from
the neutral region drift a long distance in the solution to the negatively
charged region (see Fig. 12c, left panel). Once the ionic bridges are
formed, these oligomers can only slightly move around the binding sites,
indicating that the binding strength of ionic bridge is rather strong.

The M-G-M and M-M-M oligomers originally released above the
negatively charged region (yellow and green triangles in Fig. 12a) can
directly form ionic bridges with polyamide carboxylate groups on the
surface, similar to the fouling behavior of G-G-G oligomers released in
the same region. However, the M-G-M and M-M-M oligomers released
above the neutral region and near the boundary between the two regions
(yellow and green ovals/hexagons) exhibit very different migration
behaviors. In general, these M-G-M and M-M-M oligomers first attach to
the neutral membrane surface through hydrophobic interactions. They
then slowly migrate (slide) towards the negatively charged surface to
form strong ionic bridges with polyamide carboxylate groups on the
surface (see Fig. 12c, right panel). Consequently, most M-G-M and M-M-
M oligomers are finally docked near the boundary between the nega-
tively charged and neutral regions. If we consider that the whole
membrane surface could be roughly divided into two regions according
to fouling status, namely the severe fouling region on the left and the
mild fouling region on the right, then such a chemical heterogeneity of
polyamide membrane surface corroborates what has been measured in
atomic force microscopy (AFM) experiments by Kim et al. [71], who
concluded that the membrane surface with higher chemical heteroge-
neity (more concentrated binding sites in larger region) was more prone
to fouling, suggesting that surface charge distribution is one of the key
factors governing polyamide membrane fouling. In our model, although
there is a small negatively charged patch on the right mild fouling region
(Fig. 12a and b), it has a much less fouling potential than the left severe
fouling region. These findings are consistent with the AFM experimental
results.

Although on average the docking times for the three different olig-
omers released above the negatively charged membrane surface are
roughly the same (i.e., ~5 ns for G-G-G and ~4.5 ns for M-G-M and M-M-
M), the docking times of the oligomers released above the neutral region
are quite different. We find that for G-G-G it takes about 8.5 ns to form
an ionic bridge on the polyamide surface, while for M-G-M and M-M-M
oligomers it takes about 1.5 ns to induce a hydrophobic attachment on
the surface first, followed by another ~2.5 ns to form ionic bridge
binding in most cases. Such different docking times and pathways be-
tween the G-G-G and M-G-M/M-M-M oligomers (Fig. 12c¢) show that
hydrophobic interactions between the M-contained alginate foulant and
polyamide surface enhance the surface fouling. It is interesting to see
that the more stable ionic bridge binding is formed more slowly than the
relatively weak hydrophobic attachment. Such phenomenon could be
attributed to two reasons. First, ionic bridge binding requires that the
binding sites (carboxylate groups on the polyamide surface) are pre-
occupied by metal ions before the arrival of the foulant, while the hy-
drophobic attraction only requires the presence of the type 3, 4 or 5
benzene units on the membrane surface. And second, there are usually
more hydrophobic benzene units than carboxylate groups on the poly-
amide membrane surface (the ratio is more than 5:1). As such, the
number of effective binding sites on the membrane surface for hydro-
phobic attraction is much higher than that for ionic bridge binding,
resulting in much less docking time for hydrophobic attachment.

The finding here may imply a general fouling mechanism for alginate
polymers containing M monomers: Initially the foulant deposits on the
membrane surface through hydrophobic interactions, which could be
considered as a kinetic process with moderate binding strength. Upon the
hydrophobic attachment the foulant still has some mobility on the
membrane surface to search for the most stable binding sites with the
lowest free energy state (ionic bridge). This later process could be
considered as a thermodynamic process. Because hydrophobic in-
teractions between M monomers and polyamide surface can signifi-
cantly reduce the time required to form subsequent ionic bridge binding,
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we conclude that this moderately strong hydrophobic attraction may
promote the ionic bridge binding by keeping the relevant polyamide
carboxylate functional groups in the vicinity of the alginate foulant
(Fig. 9d and e).

4. Conclusions

In this study, we perform molecular dynamics and free energy sim-
ulations to investigate the interactions between polyamide membrane
surface and alginate molecules. A hybrid method has been used to build
cross-linked polyamide membrane, which could control the composition
and functional group density on the membrane surface. Free energy
calculations for the G and M alginate monomers interacting with
different types of benzene ring units on the polyamide surface show the
moderately strong hydrophobic attraction between the amphiphilic M
monomer and types 3-5 benzene ring units. This hydrophobic interac-
tion, however, does not exist between the G monomer and polyamide
surface chains.

Though the hydrophobic attraction between the M monomer in an
alginate oligomer and polyamide surface chains is not as strong as the
ionic bridge binding, it nevertheless plays an important role in
enhancing the ionic bridge binding by keeping the relevant functional
groups in both polyamide and alginate in the vicinity. The present study
provides valuable insights into the fouling mechanism of polyamide
membranes by alginates and the findings may help to understand the
general fouling mechanism by other organic foulants.
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