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Executive Summary

Polyamide (PA} membranes comprise most of the reverse osmosis membranes
currently used for desalination and water purification. However, their fouling
mechanisms with natural organic matter (NOM) is still not completely understood. In
this work, we studied three different types of PA membranes: a laboratory made PA, a
commercial PA, and a multiwalled carbon nanotube (CNT- PA nanocomposite
membrane during cross-flow measurements by NaCl solutions including NOM, humic
acid (HA), or alginate, respectively). Molecular dynamic simulations were also used to
understand the fouling process of NOM down to its molecular scale. Low molecular
weight hurmic acid binds to the surface cavities on the PA structures that leads to
irreversible adsorption induced by the high surface roughness. In addition, the larger
alginate molecules show a different mechanism, due to their larger size and their ability
to change shape from the ¢lobule type to the uncoiled state. This work shows that
carbon nanotubes can help to decrease roughness and polymer mobility on the
surfaces of the membranes at the molecular scale, which represents a novel method

to design antifouling membranes.
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Abstract

Polyamide (PA) membranes comprise most of the reverse osmosis membranes
currently used for desalination and water purification. However, their fouling
mechanisms with natural organic matter (NOM) is still not completely understood. In
this work, we studied three different types of PA membranes: a laboratory made PA, a
commercial PA, and a multiwalled carbon nanotube (CNT- PA nanocomposite
membrane during cross-flow measurements by NaCl solutions including NOM, humic
acid (HA), or alginate, respectively). Molecular dynamic simulations were also used to
understand the fouling process of NOM down to its molecular scale. Low molecular
weight humic acid binds to the surface cavifies on the PA structures that leads to
ireversible adsorption induced by the high surface roughness. In addition, the larger
atginate molecules show a different mechanism, due to their larger size and their ability
to change shape from the slobule type to the uncoiled state. This work shows that
carbon nanotubes can help to decrease roughness and polymer mobility on the
surfaces of the membranes at the molecular scale, which represents a novel method

to design antifouling membranes.
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4.2.3 Thin film nanocomposite
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Chenueal type & descnption

Chennwal structure
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Chenreal type & desenption

Chemical strueture
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ABSTRACT: Polyamide (PA) membranes comprise most of

the reverse osmosis membranes currently used for desalina-
tion and water purification. However, their fouling mecha-
nisms with natural organic matter (NOM) is still not
completely understood. In this work, we studied three
different types of PA membranes: a laboratory made PA, a
commercial PA, and a multiwalled carbon nanotube (CNT-
PA nanocomposite membranc during cross-flow measure-
ments by NaCl solutions inchuding NOM, humic acid {HA},
or alginate, respectively). Molecular dynamic simulations were
also used to understand the fouling process of NOM down to
its molecular scale. Low molecular weight humic acid binds to

the surface cavities on the PA structures that leads to irreversible adsorption induced by the high surface roughness. In addition,
the larger alginate molecules show 2 different mechanism, due to their larger size and their ability 1o change shape from the
globule type to the uncoiled state. Specifically, alginate molecules either bind through Ca®* bridges or they uncoil and spread on
the surface. This work shows that carbon nanotubes can help to decrease roughness and polymer mobility on the surfaces of the
membranes at the molecular scale, which represents a novel method to design antifouling membranes,

1. INTRODUCTION

Membrane fouling is a critical factor that reduces the service
life of reverse osmosis (RO} membranes used in desalination
and water purification processes. Fouling is caused by the
adsorption and accumulation of various contaminants on the
membrane surface, forming a layer that increases the hydraulic
resistance across the membrane, thus decreasing the efliciency
of the process.” This layer might contain a combination of
inorganic ions, organic compounds, and microorganisms
present in the feedwater source. One of the most pernicious
foulants in surface waters is natural organic matter (NOM),
which results mainly from the decay of plants. NOM consists
of several compounds such as humic acid, polysaccharides, and
low molecular weight organic compounds. A large fraction of
the NOM is composed of polysaccharides, partlcularly
abundant in seawaters and in surface waters.” These
compounds cause serious irreversible fouling by their trans-
formation into water-insoluble compounds.

W ACS Publications  © 2019 American Chemical Society 6255

Besides the fouling problem of NOM that decreases the
efficiency of desalination, there are other problems. NOM is
not toxic; however, it might form tomc halogenated
compounds when reacting with chlorine, which occurs
during chlorination treatment, a process commonly used te
reduce biofouling and clean the membranes. Polysaccharides
also promote the formation of biofilms due to the enhance-
ment of their interaction with microorganisms that release
additional metabolites,” For these reasons, the improvement of
antifouling behavior against NOM has become one of the most
important challenges in membrane technology, and a lot of
attention has becn paid over the past years to understand the
fouling mechanism and develop better antifouling membranes.
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Several types of antifouling RO membranes have been
developed by tailoring the membrane surface charge,” by
increasing the hydrophilicity of the membrane surface by
grafting hydrophilic polymers,” and by adding inorganic
nanomaterials to the active layer during the synthesis.®
Among these nanomaterials, multiwalled carbon nanotubes
{CNTs) are perhaps the most studied for reverse osmosis
nanocomposite membranes, because theg have been found to
improve not only flow and salt rejection” ™! bur also chlorine
resistance’*™'* and antifouling performance.'™'® Recently, we
have investigated nanocomposite RO membranes that
incorporate CNTs with a positive effect on their chlorine
resistance properties,’® improved antifouling performance
against proteins,’” and reduced scaling in the presence of
calcium fons.'

While the general mechanism of NOM [ouling is known,
details about the adsorption at the atomic level are still being
investigated. For polysaccharides such as alginates, the role of
divalent jons such as Mg?" or Ca®* has been discussed, and it is
well-known that alginate salts of monovalent ions are highly
soluble but can underge crossinking in the presence of
divalent jons such as Ca®*.'”*" Recently, Chu et al. proposed a
fouling mechanism for FA molecules that considers the
formation of a fouling cake layer on the membrane surface
along with an accumulation within the membrane surface
pores.”t Similarly, Crozes ¢t al.”” reported that most of the
NOM fouling was reversible. However, a small amount of the
foulant remained attached to the membrane due to the
irreversible adsorption of NOM within the membrane surface
pores. It seems that roughness at the molecular level plays an
important role in the case of nonreversible fouling, but there
has not been a detailed study about it. From a mechanistic
point of view, the fouling behavior of NOM is completely
different from that of proteins suich as bovine serum albumin
(BSA) because of the hydrophobicity of NOM that consists of
aliphatic and aromatic groups.®” In comparison with proteins,
NOM is thus adsorbed easily on hydrophobic membranes,
When solutions contain both polysaccharides and humic acid
substances, a typical composition of surface waters, it has been
observed that adsorption of small-size humic substances
usually precedes the adsorption of alginates,”**

In this work, we have studied experimentally the fouling
behaviors of nanocomposite CNT-PA membranes and plain
PA membranes and simulated the fouling process using HA
and alginate as NOM models in order to understand the initial
stages of NOM adsorption on plain PA and CNT-PA
membranes.

2. RESULTS AND DISCUSSION

2.1. Flow Measurements and Membranes Character-
ization, We studied a carbon nanotube-cross-linked aromatic
polyamide membrane (CNT-PA) against twe plain PA
membranes: a commerclal seawater desalination polyamide
(CMM) and a laboratory made plain PA used as control (1.ab-
PA). The latter was prepared using a similar process as the
CNT-PA membranes except the addition of carbon nanotubes
in order to study the specific influence of this nanomaterial.
The salt rejection and permeate flux of these membranes are
reported in Table S1. The three types of membranes studied
were stabilized for filtration and later tested for fouling under
increasing concentrations of NOM for about 3 weeks, and the
results are shown in Figure 1. During this time, both the
permeation and salt rejection were measured every hour, The
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first set of experiments shown in Figure la depict the results of
fouling against HA where both the CNT-PA and the Lab-PA
membranes” permeations were not drastically affected. In
addition, the CMM membrane flow decreased by about 5% of
the original value at each stage. However, Figure 2 shows a
closer examination of the membranes under scanning electron
micrescopy (SEM), and it is observed that HA did accumulate
on the surfaces of all three membranes, but the concentrations
were not high enough on the CNT-PA and the Lab-PA
membranes to affect the permeate Aow. The second set of
fouling experiments were done to test the resistance against
alginate fouling, Figure 1b shows that both the CMM and Lab-
PA membranes exhibit good tolerance at concentrations of
alginate up to 200 ppm, thus reducing its permeation by only
about 5 to 10% of its original value. However, at
concentrations of 300 ppm, both the Lab-PA and CMM
membranes started to decrease their permeations, and
interestingly, the latter quickly decreased to abmost half of its
initial permeation, while the Lab-PA showed better tolerance.
It is well-known that fouling s severely affected by the
roughness of the polyamide samples.'****" We characterized
the surface morphology of the three types of RO membranes
studied before and after fouling by SEM, and the images are
shown in Figure 2, The pictures correspond to a CNT-PA
nanocomposite membrane (Figure 2a), a laboratory made
plain polyamide membrane {Figure 2d), and a commercial
membrane {Figure 2g), respectively.

The highly convoluted surface of the CMM shows the
characteristic ridges and valleys formed during the interfacial
polymerization that is thought to provide higher surface area
and consequently high permeability at the expense of higher

DO 10,1021 /acs est 8637203
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As-prepared
membranes

After fouling test

alginate

Figure 2. SEM images showing the surface of each RO membrane
before and after fouling tests. (a) As prepared CNT-PA. (b) CNT-PA
membrane fouled with humic acid. (¢) CNT-PA membrane fouled
with alginate. {d) Laboratory made polyamide (Lab-PA). (e)
Laboratory made PA fouled with humic acid. (f} Laboratory made
PA fouled with alginate. (g) As received commercial polyamide
{CMAT). (h) Commercial PA fouled with hwmic acid, (i) Commercial
PA fouled with alginate.

roughness that promotes fouling.™® Indeed, the mesoscale
roughness of PA membranes has long been associated with
increased permeation but also with increased fouling.**%
Thus, it is possible that because of the lower roughness of the
Lab-PA and CNT-PA membranes, as seen in SEM in Figure
2a,d and the AFM imeges shown in Figurc S52ab, these
membranes show overall better fouling resistance compared to
the highly conveluted CMM shown in Figure 2g. Interestingly,
the CNT-PA membrane showed an increase in permeation of
up to 20% of the original flow, which might be due to the slow
hydration process. However, after 250 h at 300 ppm of
an alginate fouling test, the membrane started to decrease its
permeation, most likely due to foulant deposition on the
surface. Indeed, the SEM images shown in Figure 2¢,fi indicate
that alginate formed a thick gel layer on the surface of all the
membranes which hindered the surface of the membrane.
Unlike the thin HA deposited fouling layer, which was only
visible by optical or SEM, the alginate layer was highly
hydrated and was visible as shown in the photographic images
in Figure $3. This type of gel fouling is particularly deleterious
because it might affect the water flow between the thin spaces
of a spiral wounded membrane module. After drying, we
quantified the amount of alginate that was deposited; it was
measured at 0.29 mg/cm? for CNT-PA, which was
considerably lower than 1.1 mg/em?® and 14 mg/em® from
the Lab-PA and CMM membranes, respectively. In spite of the
thickness, the deposition of the alginate foulant is well-known
to be self-catalyzed, and for that reason, the characteristic
surface of the membranes can influence drastically the amount
of foulant deposited.”” The amount of alginate deposited
suggests an intrinsic antifouling property of the CNT-PA
membrane. The difference in the amounts deposited of HA
and alginate seems to be related not only to the coneentration
but also to the molecular architecture and chemistry of the
probe molecules used. Indeed, alginates are linear molecules
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that can inercase considerably the viscosity of the feed, whereas
HA is 2 small cross-linked molecule with globular shape.

The SEM images show a different type of fouling cake layer
for the two types of NOM foulants studied. HA. resulted in
particle-like precipitate adhering to the surface features of the
membrane (Figures 2b,eh), while alginate deposited as a
homogeneous gel layer (Figures 2¢,fi, also photographs in
Figure $3¢,fi). Further evidence of the antifouling capability of
the CNT-PA membranes, when compared to the Lab-PA and
the commercial CMM membrane, was obtained by Raman
mapping. Figure 54a shows the Raman of the as-prepared
polyamide membranes, showing peaks that correspend mainly
to the polyamide, such as the out of plane C~H bending at
800 cm™, the in-plane bending of C—H, C—0, and C—N at
1070 am™, 1108 em™, and 1148 cm™, respectively, and
finally, the two peaks located at 1585 and 1608 cm
corresponding to aromatic C—C stretching and C=0
stretching ™ After the fouling experiment, partial coverage of
the surface by the HA occurred, and the intensity of all the
aromatic PA peaks decreased, as shown in Figure S4b. We
were able to observe the spatial relative distribution of the HA
foulant by mapping the relative changes in intensities of these
peaks over the surface. The maps shown in Figure 8 indicate
clearly that less amount of HA was deposited on the CNT-PA
membrane, while both the Lab-PA and particularly the CMM
membrane had a higher amount of HA, by comparing te
intensity of each image. However, unlike the alginate fouling,
the HA fouling followed a different pattern, These differences
in the cake-layer structure might arise from the different
molecular architectures of the HA and the alginate. Flow
measurements show similar antifouling performances between
the CNT-PA and Lab PA membranes when using humic acid,
but the CNT-PA membrane reveals a better performance with
alginate. In all cases, the commercial membrane shows the
worst performance, most likely due to its high roughness. In
order to investigate the effects of the molecular structures of
both the foulant and the membranes, we carried out molecular
dynamics calculations,

2.2. Alginate Fouling Simulations. We conducted
several caleulations to study the stability and absorption of
the alginate molecule and humic acid molecules on the surfaces
of two different models of polyamide. Cross-linked aromatic
polyamide is an amorphous polymer, and an accurate
description of its topology has been one of the mam challenges
in the performance of accurate simulations.’’ For a nano-
composite structure, it is very important to take inte account
the eftect of the dispersed phase on the polyamide matrix. We
previously developed a protocol to build the PA structure that
considers the effect of CNT during polymerization™ and water
permeation,”’ Since the diameter of the CNTs used in this
study are ca. 12 nm it is impossible to build a simulation cell
containing an entire CNT. Instead, we prepared a model that
shows the PA attached to the outer walls of the CNT, Since
the diameter of the CNT is refatively large, we dismissed the
curvature effect and thus the outer wall of the CNT is
represented by a three-layer graphene located at the bottom of
the simulation cell. The simulations were carried out for both
the alginate and HA molecules on these surfaces. First, we will
discuss the analysis of the alginate molecules. We found that
alginate can attach to both types of polyamide structures
{plain-PA and CNT-PA medels), using two different
mechanisms. The first one is by the pinning in of a surface
carboxylic group using a Ca”" ion, and this is shown in Figure 3

D04 10.1021/acs st 8607203
Enviren. Sd. Technol 2019, 53, §255-6263
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Figure 3. Pinning of an alginate molecule on the surface of polyamide
by a ealcium bridge. {a} Initial conformation before being pinned. (b)
Alginate is pinned to the surface by means of a carboxylic—Ca™
bridge. {c) After 15.5 ns of the pinning cvent, the alginate molecule
remains on the surface. {d) Detail of the calcium bridge on the
surface. It can be clearly seen how the alginate molecule pulls the
carboxylic group from the surface (Video SIoin Supporting
Information}.

and Video $1. Figure 3a shows a frame of the simulation before
the attachment. In the presence of 100 ppm of CaCl, the
alginate undergoes complexation to form an alginate—Ca’*
complex. Even though alginate is a linear molecule, it self-coils
and cross-links with the Ca®* ions, shown in green. In Figure
3b, it attaches to the polyamide molecule by pinning in a
surface carboxylic group. The molecule remains in this position
and keeps its coiled conformation despite the turbulent flow.
Indeed, Figure 3c shows the molecule still pinned with the
same conformation after 15.5 ns of the initial contact, Figure
3d shows an enlarged view showing the surface carboxylic
group involved in the contact with the molecule. The role of
calcium on the binding of alginate on the membranes has been
seen experimentally™ and has also been simulated by MD’s by
other authors®™*" Since this mechanism depends on the
abundance of carboxylic groups on the surface; we believe the
slightly less abundance of these groups on the CNT-PA
membrane, as shown by XPS (Figure $1), might contribute to
the lower fouling capability of this membrane.

Interestingly, our simulations found a new method of initial
foulant adsorption that has not been reported so far, and that
was statistically prevalent in the CNT-PA model. Figure 4 and
Video $2 show the MD simulations of the attachment of a
single alginate—Ca® complex on the surface of polyamide by
uncoiling and spreading. It is well-known that mest polymer
molecules in solution keep a coiled structure, yet the uncoiling
of molecules due to extensional flow is a well-known
phenomenon.'”** Under turbulent conditions occurring on
the surface of the RO desalination membrane, and simulated
here by MDs {Figure 4a), strong extensional flows might take
place. The simulations indicate (Figure 4b} that uncoiling is
favored when the foulant—membrane interaction starts at one
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Figure 4. Mechanism of pinning and further unzipping of a coiled
linear alginate molecule on the surface of a palyamide membrane. (a}
Free coiled calcium alginate molecule tumbling in the PA surface. {b)
Still right before the initial attachment to the surface. This initial
attachment occurs through a saccharide terminal unit. (¢) Alginate
molecule unzipped an the surface of PA. {d) Plot of the radius of
gyration vs time showing the unzipping of the foulant molecule
(Video S1 in Supporting Informatien}.

of the terminal saccharide units of the alginate molecule.*” The
cross-flow then acts as a stretching force, and by a combination
of rotation and uncoiling, the alginate spreads on the surface
{(Figure 4¢; see also Video S2). This process requires
significant energy to not only uncoil but also break the
cross-linking bonds of the Ca™ ions. Such energy is provided
by a combination of the same alginate kinetic energy in
combination with the hydraulic drag caused by the intense
cross flow. Figure 4d shows the radius of gyration of the
molecule that clearly indicates how it changes its conformation
after the pinning event, from a coiled shape to an uncoiled
shape. The uncoiling is accompanied by an increment in the
number of interactions (a hydrogen bond < 4 A), which means
the alginate molecule bonds to the PA surface while it uncoils.
We believe this mechanism should be dominant under strong
cross-flow, as it has been demonstrated that other highly coiled
molecules such as DNA can unceil into linear molecules and
attach to surfaces, while coiled molecules are practically absent
on the surface, as shown experimentally.””

We carried out 5 simulations for each model, and the results
are summarized in Figure 5. Interestingly, all the simulations
showed that alginate molecules aitached and spread by
uncoiling on the surface of the CNT-PA model (Figure 5a),
whereas in the plain PA structure, some molecules were
attached by pinning on a surface carboxylic group. Even
though these simulations did not show a mechanism of pinning
on the CNT-PA membrane, in principle, it is possible but
probably not favored. Regarding the plain PA structure, from
the five simulations, two resulted in pinning through a Ca®*
bridge in the coiled state, two resulted in spreading, similar to
the simulations carried out with the CNT-PA model, and one

DO§: 10.1021/a¢s est 8607203
Ervviron. i Techrol. 2019, 53, 62556263
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Figure 5. Stills from the simulation of alginate molecules under hydrodynamic flow on the CNT-PA and the phin PA models. Simulations were
carried out by following the same protocol but using a different membrane structure (Video S2 in Supporting Information).

Figure 6. Stills from the simulation of HA molecules on different adsorption sites of the CNT-PA model. Simulations with plain PA {Lab-PA
model) were carried out by following the same protocol but by using a different membrane structure (Video 53 in Supporting Information).

was an intermediate case with partial spreading. We believe the
three main factors promoting cne mechanisim or the other are
{1) presence of carboxylic groups on the surface, (2) surface
roughness, and (3) PA mobility and slightly positive charge.
Indeed, z-potential measurements (Figure $2¢) show that both
PA membranes have a more negative surface compared to the
CNT-PA membrane. Figure S6a,b shows the topographic maps
of the plain PA and CNT-PA structures used for the
simulations. The difference in roughness can be clearly
observed when comparing the distributions of height in the
histograms shown in Figure $6¢,d, respectively. The narrower
distribution of the CNT-PA means a flatter surface. In
addition, CNT-PA structures tend to have higher density,™
and that can be seen by analyzing the pores in the structure, as
is shown in Figure S6e,f. Regarding the mobility, it is expected
that a stiffer structure will have less freedom to make short-
range bonds with the fouling molecules. In this regard,
previous studies have demonstrated the effect of CNTs
addition on the PA molecular mobility.*’ Interestingly, we
found spreading in the CNT-PA simulations and a mixture of
spreading and pinning in the PA simulations. However, due to
the large amount of time needed for the simulations, we could
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not indicate a ratio for the coil/uncoil cases with accuracy.
Nevertheless, we do believe the probability of alginate
spreading must be higher in the CNT-PA membrane, due to
the slightly higher positive charge of the PA.

2.3, Humic Acid Simulations. Humic acid presents a
challenge for MD simulations due to its complex and varied
structure. The Temple—Northwestern—Birmingham (TNB})
model has been used as a standard to represent a low M,
humic acid with a diversity of functional group-
s.'m"“lnterestingly, due to pretreatment and prefiltration, this
model’s M, and chemical composition are very approximate to
those of the HA molecules that might be the first to attach to
the RO membranes. Indeed, we found that the composition of
the foulant on the membranes after fouling with humic acid
has & chemical composition that matches that of the TNB
model (see Table §2). The dynamics of a globule or star-
shaped molecule under flow are different from that of a linear
molecule, such as alginates.”” In order to explore the effect of
the surface roughness, we carried out several simulations
consisting of two stages (see Figure 6 and Video $3). In the
first one, we equilibrated cne HA molecule on the surface of
the PA or CNT-PA structure. These adsorption sites were

DO%: 10.1021/2¢5 €3t 8007203
Environ. 5. Technol. 2019, 53, §255-6263
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classified either as concave or convex as a function of the local
topography. A concave site has a lower position than the
average of its neighbor sites, while a convex site is the opposite.
In the second stage, a water flow was applied on top of the
membrane to simulate the effect of the cross-flow. The
estimated average velocity of water was 0.24 mn/ps, which was
at least 3 orders of magnitude higher than the real velocities of
water in a typical cross-flow system but was necessary to cleatly
induce the dragging of the HA molecules within the time of the
simulation. The results of the simulation were analyzed
quantitatively and are shown in Table $3. Por the plain PA
membrane, 6 of the 9 simulations (67%) showed stable
attachment, while 3 were dragged. However, for the CNT-PA
membrane, only 2 of 18 cases showed clear attachment, and in
4 cases, a partial attachment was achieved; in 12 of 18 cases
(669%), there was no attachment. Regardless of the membrane
model, all the total attachments of HA to polyamide occurred
in concavities, and 3 of 4 of the partial attachments occurred
also in concavities. These results indicate that the primary
adsorption of HA small molecules follows a pattern similar to
the docking of small molecules on the surface of proteins, This
mechanism has been already discussed by Ridgeway et al.™’ by
using the term ligand binding. We carried ouf a simple
experiment to measure the irreversible fouling of HA on a Lab-
PA and a CNT-PA membrane. After the fouling test in the
presence of 300 ppm of HA and 3 ppm of Ca®* for § days, we
washed the membranes in an ultrasonic bath. Figure S10 shows
that the treatment removed most of the fouling leaving only
the strongly attached HA+Ca® complex. From simple
observation, it is clear that a larger amount of foulant remains
attached to the pfain PA membrane, compared to the CNT-PA
membrane, The difference in the attachment seems to be
closely related to the surface roughness, thus suggesting that
because CNTs induce a higher and stiffer PA surface,’” with a
flatter topography, they might be the key to the intrinsically
good NOM antifouling behavior. Molecular dynamic simu-
[ations demonstrate the importance of the PA roughness and
molecular mobility, mainly at the molecular level, necessary to
prevent the initial attachment of small foulant molecules such
as humic acid. These results show that adding CNT is an casy
method to achieve membranes with low roughness at the
molecular scale leading to intrinsic antifouling properties and
represents a new method to develop antifouling membranes.

3. EXPERIMENTAL PART

3.1, Membrane Preparation. The membranes studied
here included a laboratory made plain PA, a multiwalled CNT-
PA nanocomposite membrane, and a PA commercial RO
membrane (CMM). The plain PA, CNT-PA, and CMM
membranes were synthesised by a typical interfacial polymer-
jzation process using a typical reverse osmaosis support, ie, a
porous polysulfone-nonwoven membrane. The membranes
were prepared as described before but with a few
modifications.™” Briefly, the support membrane was sozked
in deionized water overnight and dried in air at room
temperature for 4 h, Separately, a solution of the monomer
was prepared by mixing m-phenylencdiamine (MPD) (3 wt
%), triethylamine (3 wt %), sodium lauryl sulfate (0.15 wt %),
camphorsulfonic acid (6.0 wt %), and i-propanol (6 wt %) in
DI water. For CNT-PA membranes, 2 wt % carbon nanotubes
were added to this MPD solution. The support membrane was
soaked either in the MPD solution or the MPD/CNT aqueous
dispersion and was then dried under air for 5 min. The
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interfacial polymerization process was carried out by pouring a
trimesoyl chloride organic solution (TMC; made of .25 wt %
of TMC dissolved in isopar 420) over the support membrane
and letting it react for 60 s to form a very thin reverse osmosis
membrane. Finally, the thin film composite membrane was
heat-treated in an oven operating at 120 °C for 3 min and
washed to remove any monomer traces, and it was kept in
water until further use.

3.2. Membrane Characterization, Prior to the fouling
study, the surface composition of the RO membranes was
analyzed by X-ray photoelectron spectroscopy (XPS) using a
PHI Quantera II (Ulvac-Phi, Kanagawa, Japan) with
monochromatic Al Ka on C{1s) from 280 to 294 eV. The
spot size used was 100 pym in diameter. All spectra were
charge-normalized using the peak at the lowest binding energy
{284.6 eV) as a reference, and the C 1s peak deconvoluted into
three different electronic environments. After the fouling test,
the membranes were carefully removed from the cross-flow
cell, rinsed with DI water for 1 min, and dried at room
temperature. The amount of foulant per membrane area was
measured gravimetrically. The relative composition of the
alginate—Ca gel foulant on cach membrane was analyzed by
XPS, whereas the morphology was observed by a scanning
electron microscope (SEM) using a SUS000 ultrahigh-
petformance SEM (Hitachi, Tokyo). The samples were coated
with platinum (approximately 1.0 nm thickness) to avoid
surface charging during the observation, Raman spectra were
acquired in a Horiba equipment (inVia Reflex Renishaw
system) using the 532 nm excitation line.

3.3, Membrane Fouling Testing. Membrane Condition-
ing. RO membranes with a diameter of 25.0 mm were first
conditicned under cross-flow filtration using a 0.06 wt % NaCl
solution at 0.7 MPa and 500 mL/min of flow rate in a cross-
flow cell (diameter = 25.0 mm, height = 0.356 mm in the cell
chamber, effective membrane surface area = 3.46 cm?). A feed
spacer (1.2 mm thick, GE Water & Process Technologies,
Trevose, PA, U.S.A.) was placed on the RO membrane to
replicate the typical flow patterns in an actual RO module
system.

Humic Acid Fouling Tests. Humic acid solutions were
prepared by that addition of humic acid to DI water that was
adjusted to pH 11 with 0.1 M NaOH. Then, the solution was
filtered with & 1 gm filter paper to remove insoluble humic acid
aggregates. The concentration of humic acid in the feed
solution was varied from 2.0 to 20.0 mg/L, and the pH was
adjusted to 7—8 by the addition of 6.1 M HCI solution. To
quantify the irreversible fouling in the presence of HA and
calcium, the experiment was carried out in a similar fashion
using 300 ppm of HA, but we added calcium chloride to reach
a 3 ppm concentration of calcium. After 5 days of fouling, the
membranes were washed with water for 10 min in an ultrasonic
bath (Branson 2510). Humic acid was purchased from Wako
Chemicals, (prod. number 082-046253; lot number LKXL1101;
dark brown powder; HCl insoluble matter = 78.1 wt %, NaOH
solution insoluble matter = 10.7 wt %, loss on drying at 105 °C
= 15.7%; residue after ignition = 19.0 wt %; pH of 10 g/L
slurry at 25 °C = 5.4). XPS spectra of the as received material
are shown in Figure §7.

Alginate Fouling Tests. A typical model mixture for alginate
fouling (SA (100 ppm) and CaCl, (1.0 mM) for 144 h at pH
7—8) was prepared according to the literature.' During the
test, the concentration increased to 200 ppm and 2.0 mM for
144 h and then 300 ppm and 3.0 mM, while the permeate flux
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was monitored continuously. Sodium alginate was purchased
from Wako (prod. number 196-13325; lot WDNS$479,
manufacturer data: viscosity at 10 g/L and 20 *C =112 mPa
s; loss on drying at 105 °C = 9%; residue after ignition as
sulfate after deying = 35.2 wt %; pH of 10 g/L at 25 °C = 7.0).
XPS spectra of the as-received material is shown in Figure S8.
In addition, both alginate and humic acid were characterized
by FTIR and the spectra are shown in Figure $9.

3.4, Computational Studies. Computer simulations were
performed by the LAMMPS code based on the classical
molecular dynamics (MD) simulation package.43 We simulated
both the alginate and humic acid adsorptions on the plain PA
model and the multiwalled CNT-PA composite model that
consisted of three layers of graphene and PA. We built this
model to simulate a large diameter multiwalled CNT
embedded in a PA matix, which is strongly attached by
charge transfer.” Water was simulated using the SPC/E
model, ™ while the General Amber Force Field (GAFF) was
used to treat the polyamide structure dynamics.”™ The initial
atom charges for the polyamide were set with the
ANTECHAMBER' 127 and AMI-BCC tools” and later
adjusted by the charge equilibration (CEq) method.™ The
interactions between the molecules were calenlated using the
Lennard-Jones (LJ) and Coulomb interactions with the
particle—particle mesh solver (PPPM). For all ML simulations,
the time step was set to 1.0 {5, The model is similar to the
model used previously in our studies on water diffusion,**
protein fouling,'” and scaling."® The alginate foulant structure
consisted of 404 atoms with a typical (I-4)-linked f-p-
mannuronate (M} and its C-S epimer «-L-guluronate (G)
residues, using a 50/50 (M/G) ratio. The humic acid structure
corresponded to that of the TNB model™ and was simulated
using the GAFF force field® while the mode! fartial atoinic
charges were taken from the OPLS-AA model™ Water flow
was simulated by applying a force of 0.005 keal/molA to all the
water atoms located from (he {op of the PA surface (z = 85 A)
to 15 A below the bottom of the three-layer graphene surface,
We calculated the diffusion by extrapolating the mean square
displacement to infinite time.”” The rendering of the
computational graphics was done using the Visual Molecular
Dynamics Package.*
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