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Abstract

Membrane technology stands as a cornerstone in desalination and wastewater treatment,
playing a crucial role in the selective separation of solvents and solutes through the active layer
of composite membranes. Although significant advancements have been made, there remains
substantial potential to enhance membrane performance for desalination applications, which
is the primary focus of this thesis. In this study, we conduct a comprehensive computational
investigation of polymer-based membranes under diverse conditions, examining the behavior
of various solvents and solutes. The research focuses on various membrane types, including
polyamide, semi-aromatic, polyester, and polyimine, and evaluates their performance in forward
osmosis (FO) and nanofiltration (NF) processes. These evaluations are carried out using both
equilibrium and non-equilibrium molecular dynamics simulations, contributing to the ongoing
advancements in membrane technology and its applications in desalination.

Despite the increased interest in forward osmosis (FO) in recent years, the technology’s
advancement in commercial and industrial applications has been hampered by the absence
of suitable FO membranes and ideal draw solutes, which demands the exploration of new
membranes and novel draw solutes targeted for some specific applications. In this context, we
considered a semi—aromatic polyamide (SAPA) for an application where monovalent salt can be
permeated but has high selectivity towards divalent salt and with excellent water permeability.
In this regard, we constructed an atomistic model for the membrane via a heuristic approach
using an equilibrated mixture of hydrolyzed trimesoyl chloride and piperazine monomers and
performed non—equilibrium molecular dynamics simulations on the SAPA membrane in the
FO process to understand the structural properties and performance of the membrane at the
atomistic level. We used pure water as the feed and NaySO, as the draw solution. It is
observed that the SAPA membrane shows excellent water permeability and no reverse draw
solute flux. To further test the dynamics of salt ions inside the membranes, we performed
two distinct equilibrium simulations on systems consisting of either monovalent salt, such as
NaCl, or divalent salt, such as NaySO,. The atomistic details of the interactions between
the functional groups of the membrane and salt ions provided in this work can inspire further
experiments on SAPA membranes in the context of separation of monovalent and divalent salts,
which have applications in the treatment of textile industry wastewater.

We performed equilibrium molecular dynamics simulations to study the transport of wa-
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ter and hexane solvents through cyclodextrin(CD)—based membranes (a-/8-/v-CD/TMC).
Although it is known that water and hexane can permeate through the macrocyclic cavity, sur-
prisingly, when it is present in the CD—based membrane (a-//3-/7-CD/TMC), these solvents
are not permeating through the CD cavity. Interactions between membrane functional group
atoms with the water and hexane suggest that these solvents primarily permeate through the
polar aggregate pores formed via ester-linkage rather than the CD cavity. Our observation
reveals that both solvents can permeate through the membrane; however, the hexane flux was
one order of magnitude lower than water. Our study suggests that further work is needed
to confirm the functional significance of the macrocyclic cavity in solvent permeation and the
existence of Janus pathways.

Conventional treatment methods are often ineffective in eliminating organic dyes, which are
among the most frequently discharged pollutants in wastewater. The present work explored a
polyimine-based membrane in the context of textile wastewater treatment. This study employs
classical molecular dynamics simulations to evaluate the efficacy of polyimine membranes. A
reliable atomistic model of the membrane was constructed using an equilibrated mixture of
melamine and 1,3,5-triformylphloroglucinol monomers. Non-equilibrium molecular dynamics
(NEMD) simulations were performed on the constructed membrane system to investigate the
performance of the polyimine membrane in a nanofiltration (NF) process using a mixed feed of
NaCl salt, dye, and water. We observed that the polyimine membrane demonstrates excellent
water permeability, effectively rejects dye, and allows the passage of NaCl salt. The atomistic
insights into membrane-salt ion interactions and membrane-dye interactions provided in this
work can inspire further experimental investigations into poly-imine membranes for separating
salts and dyes, particularly in the treatment of textile industry wastewater.

Polyamide nanofilm composite membranes, featuring an ultrathin polyamide selective layer,
are extensively utilized in desalination and water treatment applications. They can also operate
as separation membranes in non-aqueous solvents when supported on solvent-stable substrates.
The solvent permeance of these membranes is intrinsically linked to the energy consumption
in separation processes. Enhancing permeance through solvent activation of the polyamide
structure offers a pathway to significant energy savings. Achieving this requires a detailed
understanding of the internal structure of polyamide in solvents and the underlying perme-
ation mechanism. In this study, solvent permeation experiments and equilibrium molecular

dynamics (EMD) simulations were conducted to unravel the mechanism of solvent transport
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in solventactivated polyamide membranes. The activation effect of dimethylformamide (DMF)
was examined, demonstrating notable alterations in pore size distribution and a 300% increase
in methanol permeance. Interestingly, this enhancement was reversed upon drying, indicating
that solvent activation induces a thermodynamic non-equilibrium state, with the membrane
structure relaxing to its original state after drying. This study, through precise evaluation
of solvent-membrane affinity, provides valuable experimental and molecular insights into the
structure-property-performance relationship of polyamide nanofilms, underscoring their poten-

tial for broader applications in advanced separation technologies.
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Chapter 1

Introduction

In the 215 century, freshwater scarcity remains a critical global challenge. Desalination, lever-
aging the vast potential of oceanic water, has emerged as a promising solution [1-3]. Over
the past two decades, the global desalination market has expanded significantly in arid regions
like the Middle East and North Africa, where freshwater is scarce, and in non-arid countries
that have adopted desalination to enhance water supply and conservation efforts [4-7]. As
urban populations grow, desalination is becoming increasingly competitive with conventional
water treatment methods, driving down costs [8]. Desalination technologies are primarily clas-
sified into two categories: thermal-based and membrane-based. While thermal desalination is
prevalent in the Middle East due to its historical development and suitability for Gulf water,
membrane-based desalination dominates the global market. The present chapter of this thesis
briefly discusses membrane-based technologies and polymer-based membranes for desalination

and wastewater treatment.

1.1 Why Membrane Technologies?

Water scarcity is one of the most pressing challenges of our time, exacerbated by rapid popula-
tion growth and industrialization. Despite Earth’s vast water resources, estimated at 1.4 billion
cubic kilometers, only 2.5% is freshwater, with a mere 0.014% readily accessible for human use
[9]. This stark reality highlights the urgent need for innovative solutions to ensure a sustain-
able supply of safe drinking water. Desalination has emerged as a pivotal technology in this
endeavor, transforming saline or contaminated water into potable water by removing salts and

dissolved solids from seawater and brackish water, providing a crucial source of freshwater for
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Chapter 1. Introduction

domestic and industrial applications to meet the growing demand. Various desalination pro-
cesses, including distillation, geothermal desalination, electro-deionization, ion exchange, solar
desalination, and membrane-based methods, have been developed to address this global issue
[10]. Among these, membrane-based techniques such as reverse osmosis (RO), forward osmosis,
nanofiltration, ultrafiltration, and microfiltration have evolved as leading technologies. These
processes are characterized by their ability to selectively reject contaminants based on size,
with micro- and ultrafiltration membranes filtering suspended particles and macromolecules

(~10-0.01 pm), and RO and nanofiltration effectively removing ions (~0.01-0.0001 pm) [11].

Permeate Membrane Feed

# Solvent & Solute

Figure 1.1: A simple membrane separation process.

Membrane separation is recognized as a leading advanced separation technique, marking a
significant breakthrough in contemporary separation science and technology. Its vast applica-
tions extend across industries such as food and beverage, paper and pulp, metallurgy, textiles,
automotive, dairy, pharmaceuticals, water treatment, and various process industries. The ver-
satility of membrane technology has made it indispensable in these fields, offering exceptional
flux rates, high efficiency, ease of operation and maintenance, potential for process integration,
chemical and thermal stability, resilience under high pressures, and overall cost-effectiveness.
A membrane acts as a semi-permeable barrier, selectively allowing specific components to pass
through while retaining others, effectively dividing the process stream into retentate and per-
meate regions. This principle is visually depicted in Figure 1.1, illustrating the membrane
material’s separation of feed and permeate streams. Membrane separation relies on differences
in physical and chemical properties, such as size (membrane filtration), charge (electrodialy-
sis, ion exchange), affinity (reverse osmosis, forward osmosis), and vapor pressure (membrane

distillation). The driving forces behind these processes include pressure gradients, concentra-
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1.1. Why Membrane Technologies?

tion gradients, and electric potential gradients. This thesis explores polymeric membranes for

desalination, with a focus on advancing understanding through computational modeling.

1.1.1 Reverse Osmosis (RO) Process

As the name suggests, reverse osmosis is the opposite phenomenon of osmosis. Osmosis de-
scribes the spontaneous flow of water from a dilute to a more concentrated solution when
separated from each other by a suitable membrane. These membranes allow the free passage of
water but not of dissolved substances, and van’t Hoff suggested the adjective ’semi-permeable’
to describe this property [12]. During osmosis, when water moves away from low concentration
regions, it causes these regions to become more concentrated. On the other side, when water
moves into areas of high concentration, solute concentration in these areas decreases. The ten-
dency for water to flow through the membrane can be expressed as 'osmotic pressure (symbol,
)’ since it is similar to water flow caused by a pressure differential. The osmotic pressure of
a solution is related to its dissolved solute concentration and is calculated from van 't Hoff
equation:

7 = iCRT, (1.1)

where 7 is the osmotic pressure (kPa) of the solution, R is the universal gas constant, T is the
absolute temperature (K), C is the molar concentration of the dissolved salts in the solution,
and i is the van’t Hoff factor. Instead of water flowing from a pure water chamber to a con-
centrated salt solution chamber, if water is forced from a region of higher salt concentration
(concentrated salt solution chamber) through a semi-permeable membrane to a region of low
solute concentration (dilute solution chamber) by applying a pressure in excess of the osmotic
pressure differential, the process is reverse of the normal osmosis process and is therefore termed
as reverse osmosis. The membranes used for reverse osmosis have a dense barrier layer in the
polymer matrix where most separation occurs. In most cases, the membrane is designed to
allow only water to pass through this dense layer while preventing the passage of solutes (such
as salt ions). This process requires that a high pressure be applied on the high concentration
side of the membrane, usually 2-17 bar for fresh and brackish water and 40-70 bar for seawater,
which has around 30 bar natural osmotic pressure, which must be overcome. Reverse Osmosis
(RO) is a membrane-based process that effectively removes dissolved solids, organics, pyrogens,

submicron colloids, color, nitrates, and bacteria from water using semipermeable membranes.

3
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External
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Figure 1.2: A simple RO separation process.

As depicted in Figure 1.2, pressurized feed solution flows through the membrane, allowing
only water molecules to permeate while rejecting salt ions and other impurities, resulting in
purified permeate water. RO membranes, typically made from materials like cellulose acetate,
polyamides, and various polymers, are designed to be cost-effective and durable, ensuring a long
and stable lifespan. This process involves managing feed, permeating, and rejecting streams
and necessitates the pretreatment of feedwater to remove inorganic solids and suspended par-
ticles. High-pressure pumps facilitate the flow of treated water through the membrane, which
must exhibit ease of manufacturing, superior salt rejection, high water flux, and resistance to
fouling. Additionally, these membranes must be robust enough to withstand high pressures
and varying feed water qualities, ensuring their durability and consistent performance under

diverse conditions.

TH-3659_196107005



1.1. Why Membrane Technologies?

FO

=]
° SRE
b =
g le ® b= €
g D
® | 5~

FY RS

Semipe rme able
Membrane

Figure 1.3: A simple FO separation process.

1.1.2 Forward Osmosis (FO) Process

Over the past forty years, membrane technology has primarily focused on pressure-driven pro-
cesses. However, recent interest has shifted toward osmotically driven processes, particularly
forward osmosis (FO). Like reverse osmosis (RO), FO utilizes a selectively permeable membrane
to separate two fluids with different osmotic pressures, as illustrated in Figure 1.3. In FO, the
osmotic pressure of the draw solution must exceed that of the feed solution. The careful selec-
tion of the draw solution is crucial for the process’s effectiveness, which generally experiences
less fouling than pressure-driven methods.

Forward osmosis consists of three chambers such as feed solution, hydrated membrane, and
draw solution. According to the 2nd law of thermodynamics, chemical potential tends to equili-
brate in an isolated system. FO processes follow the 2nd law of thermodynamics, where solvent
molecules move naturally from a low-concentration solution across a semipermeable membrane

to a high-concentration solution to equilibrate their overall chemical potential. The separation
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Chapter 1. Introduction

of feed solvent and solutes takes place in the low-concentration solution due to the difference
in osmotic pressure (Am) across the membrane and the unique characteristics of the semiper-
meable membrane, which only allows solvent molecules to pass through. Therefore, Ax is the
driving force in the transport of solvent molecules across the membrane, while the semiper-
meable characteristics of the FO membrane control salt rejection or water/solute selectivity.
In accordance with the literature [13-17] the terms ”draw solution” and ”feed solution” rep-
resent the high-concentration solution and low-concentration solution, respectively. When an
asymmetric membrane is used, there are usually two modes of FO processes according to the
membrane orientation, namely, pressure retarded osmosis (PRO) mode and forward osmosis
(FO) mode. In the PRO mode, the draw solution flows tangential to the selective layer while
the feed solution flows tangential the porous support layer. The reverse holds for the FO mode.
Unless otherwise stated, the literature’s general term of FO processes includes both PRO and
FO modes.

Additionally, the careful selection of the draw solution in Forward Osmosis (FO) is critical
because it significantly affects not only the osmotic driving force but also membrane fouling,
reverse solute diffusion, and the feasibility of draw solute recovery. An ideal draw solution should
generate high osmotic pressure, have low reverse solute flux, be easily separable or reusable,
and be non-toxic and compatible with the membrane material, making its careful choice a
central design parameter in FO systems [18]. FO processes typically exhibit lower fouling
propensity compared to pressure-driven processes such as Reverse Osmosis (RO), primarily
due to the absence of hydraulic pressure that reduces the compaction of foulants and promotes
a more favorable interaction between the foulant and the membrane surface, resulting in more
reversible and less severe fouling [19, 20]. Additionally, there is a possibility of cross-flow in
the FO systems as they operate under no or low hydraulic pressure, reducing energy input
requirements and mechanical stress on the membrane compared to RO systems, where higher
pressure necessitates stronger membrane modules and energy-intensive pumping [21, 22]. This
ease of implementing higher cross-flow in FO further reduces fouling and improves performance
stability.

FO offers significant potential in emergency drinking solutions, power generation, enhanced
oil recovery, fluid concentration, and desalination. Despite its promise, commercial applications
remain limited. Fouling continues to be a major challenge; while RO suffers from significant

flux decline due to fouling. Consequently, FO is emerging as a viable alternative to RO.
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1.1. Why Membrane Technologies?

Additionally, the choice of membrane is crucial for wastewater treatment. Research indicates
that hydrophilic membranes are less prone to fouling compared to hydrophobic ones, making

them a preferred choice for effective wastewater purification [23].

1.1.3 Nanofiltration (NF) Process

Since the pioneering work of Loeb and Sourirajan in developing the first reverse osmosis (RO)
membranes, significant advancements in membrane materials have led to a wide range of fil-
tration properties and flux characteristics [24, 25]. While initial research predominantly aimed
at desalinating seawater for potable use, there was concurrent interest in creating membranes
tailored for specialized applications. These applications often required less than 99% sodium
chloride removal and operated at lower pressures [26]. Membranes designed for this range
demonstrated moderate to high rejection of divalent ions, relatively high passage of monova-
lent salts, and efficient rejection of low-molecular-weight organic compounds. Notably, many
of these membranes functioned at substantially lower pressures than conventional RO mem-
branes. Initially, they were classified under various categories, such as ’open RO’, 'loose RO’,
‘intermediate RO/UF’, "selective RO’, and ’tight UF’ [25]. Nanofiltration (NF) was introduced
commercially by Filmtec Corporation in the mid-1980s to describe membranes with properties
between ultrafiltration (UF) and reverse osmosis (RO) [27]. Despite various patents by Filmtec
and Dow Chemical, a clear definition of NF has remained elusive due to the large differences
between RO and UF. NF membranes have been characterized by a wide range of properties,
including molecular weight cut-offs (MWCO) between 100 and 10,000 Daltons [24, 26, 28, 29|,
magnesium sulfate rejection of 90-98% [27], sodium chloride rejection below 50% [27], and pore

sizes between 0.5 and 2 nm [30].

NF has proven useful in treating textile wastewater rich in salts, dyes, and chemical oxygen
demand (COD) [31]. With its high rejection of large dye molecules and efficient salt passage,
NF is favored over RO for reducing osmotic pressure and energy consumption [32]. NF can also
recycle dye brine and salt-rich permeate, reduce chemical demand [33]. However, the variability
in wastewater composition, low molecular weight dyes, and severe fouling from high ionic
strength often hinder NF’s effectiveness [34, 35]. These challenges lead to flux decline, increased
energy demands, and frequent cleanings [36]. NF’s salt rejection is complex and influenced

by salt concentration, ion valence, membrane properties, and operating conditions, making

7
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Chapter 1. Introduction

performance predictions difficult [36]. Some studies report enhanced salt rejection, which raises
osmotic pressure and energy needs [36]. Pretreatment strategies like adsorption [33], coagulation
[37, 38], and ozonation [35] have been explored to address fouling and post-treatment using RO
or oxidation [35]. Despite being an effective separation technique, NF presents significant
challenges in treating and disposing of concentrated textile efluent, necessitating continued

research and development.

1.2 Literature Review

1.2.1 Background of Polyamide Membrane

Over 65% of conventional desalination plants rely on Reverse Osmosis (RO) technology due to
its continuous operation, energy efficiency, and environmental advantages over thermal distilla-
tion and other methods [39, 40]. RO membrane technology, which transitioned from laboratory
research to industrial application in the 1960s, has continuously improved, driven by advance-
ments in membrane materials [41]. The initial conceptualization of RO desalination in the 1950s
used symmetric cellulose acetate (CA) films, but their limited water flow hindered commercial
use [42]. The development of asymmetric CA membranes by Loeb and Sourirajan marked
a significant breakthrough, leading to the first practical RO desalination applications in the
1960s and 1970s [42]. However, CA membranes had limitations, such as a narrow pH range
(4 to 6.5) and susceptibility to biological degradation [11]. To overcome these issues, thin-film
composite (TFC) membranes were introduced in the late 1970s by Cadotte and Peterson [42].
TFC membranes, which consist of a thin selective layer on porous support layers, offered supe-
rior desalination performance and stability across a broader pH range [43]. The production of
TFC membranes typically involves interfacial polymerization (IP), creating a polyamide (PA)
selective layer from m-phenylenediamine (MPD) and trimesoyl chloride (TMC) [44]. Ongo-
ing advancements in TFC technology include modified IP processes, surface coatings, adjusted
reaction conditions, and nanoscale fillers that enhance membrane performance [45].

Despite these improvements, TFC membranes still face challenges such as high energy con-
sumption, fouling, and the need for enhanced water permeability [46]. Membrane fouling refers
to the undesired accumulation of substances—such as suspended solids, organic matter, bio-

logical organisms, and inorganic salts—on the membrane surface or within its pores, leading
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to a decline in membrane performance. It encompasses several mechanisms, including or-
ganic fouling (from natural organic matter or dyes), biofouling (caused by microbial growth
and biofilm formation), inorganic scaling (from sparingly soluble salts), and particulate foul-
ing. These fouling processes increase hydraulic resistance, reduce permeability, alter selectivity,
and often necessitate chemical cleaning or membrane replacement [47]. Enhancing TFC mem-
branes involves optimizing permeability and selectivity, but achieving high water permeability
and salt rejection remains challenging due to inherent trade-offs in synthetic membranes [48].
Nanotechnology offers promising solutions for next-generation TFC membranes, with thin-film
nanocomposite (TFNC) membranes incorporating functional nanomaterials like nanotubes and
nanosheets to improve structural properties and surface chemistry without compromising salt
rejection [49]. For example, incorporating zeolite nanoparticles has significantly increased water
permeability while maintaining solute rejection levels [50]. RO has been essential in desalinat-
ing seawater and brackish water, making it potable and removing harmful chemicals [51]. In
contrast, forward osmosis (FO) is gaining attention for its promising separation performance,
minimal fouling, and lower energy requirements [52]. FO’s commercial applications include
treating industrial wastewater with high salinity or fouling risk [53]. Although FO is not yet
widely used to produce potable water in a single step, it is being developed within integrated
desalination systems to improve its economic viability [54-56]. Polyamide (PA) thin-film com-
posite (TFC) membranes, which have dominated the RO market for over 30 years, are now also
prevalent in FO processes [57]. The PA selective layer’s composition critically influences water
flux, salt rejection, and membrane longevity [58]. Factors like hydroxyl and carbonyl groups
enhance water affinity, while benzene rings inhibit water transport [59]. Understanding water

transport at the bulk-membrane interface is essential for optimizing membrane performance.

Early research focused on identifying high-performance polymeric materials and refining
interfacial polymerization parameters, such as monomer types and concentrations [60], addi-
tives [61], and reaction conditions [62], to enhance the PA selective layer. Solvent activation,
involving the post-treatment of PA TFC membranes with organic solvents, has emerged as
a promising method for improving membrane performance [63, 64]. Recent research has fo-
cused on surface modifications to enhance membrane properties, mainly through advances in
chemical surface engineering [65]. However, the PA layer’s rugged structure and hydrophobic
surface make TFC membranes prone to fouling [47]. To address this, chlorine-resistant TFC

membranes are being developed as a cost-effective and sustainable solution for desalination [66].
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While synthesizing new monomers to resist chlorine attack presents challenges, particularly in
eliminating primary amine and benzene rings, these efforts are crucial for advancing the field
(67, 68]. The use of aliphatic diamines like piperazine in fabricating semi-aromatic PA TFC
membranes introduces difficulties in achieving the necessary cross-linking and selectivity for

RO applications [69, 70].

1.2.2 Background of Semi-aromatic Polyamide Membrane

Polyamide (PA) membranes, derived from aromatic amines like 1,3-phenylenediamine (MPD)
and semi-aromatic piperazine (PIP), are crucial for reverse osmosis (RO) and nanofiltration
(NF) applications. In these applications, biofouling is a persistent issue, often mitigated by
pre-treating the feed water with chlorine. However, conventional aromatic PA membranes are
prone to chlorine degradation. In contrast, PIP-based PAs, distinguished by their unique struc-
ture, offer high permeance, enhanced hydrophilicity, and improved chlorine resistance, owing
to the absence of amidic hydrogen and a chair-shaped configuration that increases free vol-
ume in the active layer [69]. Since their development in the late 1970s, polyamide membranes
produced through interfacial polymerization (IP) have revolutionized desalination technology
[44, 71]. The invention of thin-film composite (TFC) membranes by Cadotte and colleagues
marked a significant advancement, achieving over 99% salt rejection in seawater desalination, far
surpassing the performance of earlier cellulosic membranes [71, 72]. Unlike integrally-skinned
asymmetric cellulosic membranes, TFC membranes consist of a selective layer on a porous
support, allowing optimization of each layer for enhanced performance [73]. The robustness,
ultra-thin films formed via IP, and scalable manufacturing processes of polyamide TFC mem-
branes have made them dominant in RO applications, outperforming cellulosic membranes and
showing potential for organic molecule separations [72, 74, 75| as well as gas separation [76].
The development of semi-aromatic NF membranes, characterized by higher water permeabil-
ity and lower salt rejection, was driven by the need for specific applications like water softening
and the removal of humic substances. These NF membranes, which exhibit around 20% NaCl
rejection and high rejection of divalent anions, are ideal for such applications, offering a range of
capabilities from brackish water treatment to low-pressure energy-saving operations [72, 73, 77].
Cadotte’s pioneering work with fully aromatic polyamide membranes, created through the in-

terfacial condensation of TMC and MPD, laid the foundation for commercially viable seawater
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RO technology. Despite the initial modest performance, the membrane’s robustness, stability,
and ease of preparation led to its global success, with Filmtec’s FT-30 membrane setting a
benchmark in the industry [71, 73]. Over the years, improvements in synthesis and manu-
facturing processes have solidified its dominance in seawater desalination. Cadotte’s team also
developed a semi-aromatic membrane system using PIP and TMC, which, while initially unsuit-
able for seawater RO due to lower salt rejection, found its niche in NF processes [74]. These NF
membranes enable cost-effective purification of low-salinity streams, such as softening and de-
colorizing water. Both the fully aromatic and semi-aromatic chemistries introduced by Cadotte
continue to dominate RO and NF products today, forming the selective top layer or key sublayer
in advanced membranes, including those with antifouling coatings [72, 77|. Despite extensive
research and widespread industrial use, challenges remain—particularly in understanding the
molecular structure and nanoscale morphology of fully aromatic polyamides. Moreover, current
polyamide membranes face limitations in rejecting certain micropollutants, such as boron and
small, persistent organic molecules. Boron, in particular, is a neutral solute at seawater pH
and passes through RO membranes more easily than charged ions, making its removal a per-
sistent challenge in seawater desalination. Advances in modern microscopy, spectroscopy, and
theoretical modeling are crucial for overcoming these limitations and guiding the development

of alternative membrane materials with enhanced performance in complex water matrices.

1.2.3 Background of Ester-based Membranes

Thin-film composite (TFC) polyamide (PA) membranes are widely used in water treatment
due to their high rejection rates for divalent salts and organic contaminants, attributed to a
high degree of cross-linking and surface negative charge [78-81]. However, membrane fouling
and chlorine intolerance persist, leading to increased energy consumption and reduced mem-
brane lifespan [82-85]. Natural organic matter (NOM) can adsorb onto the PA membrane
surface, blocking pores, while chlorine disinfectants degrade the PA layers by attacking amide
groups [86]. Nanofiltration (NF) membranes with enhanced chlorine resistance and anti-fouling
properties are being developed to address these issues.

Incorporating ester bonds into TFC membranes significantly improves chlorine resistance, as
ester bonds lack chlorine erosion sites compared to amide bonds. This can be achieved by using

hydroxyl-containing monomers to create polyester-amide (PEA) or polyester (PE) membranes,
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which also enhance anti-fouling capabilities [87, 88]. Due to their high water permeance and
selective separation performance, PE membranes, particularly those made from polyols, show
promise for separating large molecules, such as in dye/salt fractionation and organic solvent
nanofiltration.

Hydroxyl-rich polyols like pentaerythritol (PET), small molecule carbohydrates, and cy-
clodextrins offer abundant hydroxyl groups for membrane preparation. PET-based membranes
exhibit high water permeance and salt rejection, alongside superior chlorine resistance com-
pared to commercial membranes [89]. Naturally occurring carbohydrates, such as glucose and
sucrose, provide non-toxic and eco-friendly alternatives for membrane fabrication, offering ex-
cellent separation performance and fouling resistance [90, 91]. Polyols like erythritol (ERT)
and D-sorbitol (DST) have been used to create membranes with high water permeance and
effective dye/salt separation [92, 93].

Supramolecular compounds such as cyclodextrins (CDs) and tannic acid (TA) have been
explored for membrane preparation due to their functional groups and host-guest complex
formation capabilities. CD-based membranes provide tunable pore sizes and enhanced sepa-
ration performance, while TA-based membranes offer excellent anti-fouling properties [94, 95].
Resveratrol and hyperbranched polymers (HBPs) have also been used to develop high-flux NF
membranes with promising separation performance and stability [96, 97].

Compared to traditional PIP/TMC membranes, PET and PEA NF membranes offer so-
lute/solute separation advantages due to their adjustable pore sizes and cross-linking degrees.
These membranes can achieve targeted solute rejection or passage, providing unique advantages
in ion-selective separation and complex molecule filtration [98, 99]. The use of macrocyclic
hydroxyl-containing monomers like cyclodextrins in PET and PEA membranes enhances solute

selectivity through internal cavities, offering the potential for specialized separations [100, 101].

1.2.4 Background of Polyimine-based Membranes

Polyimine-based membranes have emerged as promising materials for membrane separations
due to their tunable porosity, high surface area, and chemical stability. These membranes are
constructed through the Schiff base reaction, which involves the condensation of aldehydes with
amines, resulting in imine linkages [102]. The formation of these robust covalent bonds grants

polyimines enhanced stability in various chemical environments, including acidic and basic con-
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ditions, making them suitable for diverse separation processes [103]. The design flexibility of
polyimine membranes allows for the fine-tuning of pore sizes and surface functionalities, which
is crucial for selective separations. These materials exhibit high porosity, enabling fast trans-
port of molecules while maintaining selectivity. For instance, the imine linkages can be tailored
to incorporate functional groups that interact specifically with specific molecules, enhancing
the membranes ability to differentiate between substances based on size, charge, or polarity
[104]. This tunability is a significant advantage over traditional polymeric membranes, which
often suffer from a trade-off between permeability and selectivity [105]. One of the critical ap-
plications of polyimine membranes is gas separation. These membranes inherent porosity and
stability allow them to efficiently separate gas mixtures, particularly in the context of carbon
dioxide capture [106]. The selective adsorption and diffusion of gases through the polyimine
structure are controlled by the size and functionalization of the pores, enabling precise separa-
tion. Moreover, incorporating metal ions or other active sites within the structure can further
enhance the selectivity and efficiency of gas separation processes [107-109].

In liquid-phase separations, polyimine membranes have shown remarkable performance in water
purification and desalination. The hydrophobic nature of the imine linkages can be modified to
improve water affinity, enabling effective rejection of salts and other contaminants [110, 111].
Additionally, these membranes can be engineered to possess antifouling properties, which is
crucial for maintaining long-term performance in water treatment applications. The ability to
functionalize the membrane surface with hydrophilic or hydrophobic groups provides a means
to control the interaction with various solutes, thus enhancing the selectivity and permeability
of the membrane [112, 113]. Another notable application of polyimine membranes is in organic
solvent nanofiltration (OSN) [114-116]. The chemical stability of the imine bonds makes these
membranes particularly suitable for use in harsh organic solvents. In OSN, these membranes
demonstrate high permeance and selectivity for separating organic molecules of different sizes
and polarities. This capability is essential for various industrial processes, including the purifica-
tion of pharmaceuticals and separating complex organic mixtures. Recent advancements in the
synthesis and processing of polyimine membrane have led to the development of more efficient
and scalable membrane fabrication methods. Interfacial polymerization and solvent-assisted
linker exchange have created defect-free membranes with enhanced performance characteris-
tics. These advancements not only improve the overall performance of the membranes but also

open up new possibilities for their application in large-scale industrial processes.
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1.3 Motivation

Since the late 1960s, membrane separation technologies have gained significant attention in
industrial applications. With energy-saving and environmentally friendly advantages, these
technologies are considered promising alternatives to traditional methods such as distillation,
evaporation, and extraction [117, 118]. Nanofiltration (NF), developed in the 1980s as an exten-
sion of reverse osmosis (RO), stands out for its ability to selectively separate small molecules at
lower pressures through mechanisms of size exclusion and electrostatic interactions [119-121].
Typically, NF membranes feature molecular weight cut-offs (MWCO) ranging from 200 to 1000
Da, making them effective in water treatment [122], pharmaceuticals [123], food [124], and

textiles [120] industries.

Thin-film composite (TFC) NF membranes, composed of an ultra-thin selective layer on
a support structure, have been widely applied due to their low cost and excellent separation
efficiency [81, 125-128]. Among various methods for preparing the selective layers of TFC mem-
branes, interfacial polymerization (IP) has been the most popular, providing mild preparation
conditions [129]. The resulting polyamide (PA) membranes have been successfully commer-
cialized for water treatment, offering high rejection of divalent salts and organic contaminants
[78-81]. However, as discussed earlier in section 1.2.3, issues like membrane fouling and chlorine
degradation have posed challenges, reducing efficiency and lifespan [82-85, 130, 131]. Natural
organic matter (NOM) tends to accumulate on the PA surfaces, leading to pore blockage, while
chlorine-based disinfectants degrade the amide groups, compromising membrane integrity [86].
Developing NF membranes with improved chlorine resistance and anti-fouling properties is criti-
cal in response [132]. Research has shown that incorporating ester bonds or hydroxyl-containing
monomers in the selective layer significantly enhances chlorine resistance [87, 88, 133]. Polyester
and polyester-amide membranes and polymeric NF membranes, like polyimine-based and semi-

aromatic, exhibit superior performance in resisting chlorine attack and fouling [105, 134-137].

Future progress in TFC membrane technology requires understanding transport phenomena
and material interactions at an atomic level. Molecular dynamics (MD) simulations serve as a
powerful tool for investigating these processes, offering detailed insights into adsorption, diffu-
sion, and solute rejection that are challenging to capture experimentally. MD simulations have
evolved to handle increasingly complex systems, ranging from all-atom (AA) to coarse-grained

(CG) approaches, enabling researchers to study systems with tens to hundreds of thousands of
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atoms. These simulations allow for exploring physicochemical interactions in TFC membranes,
offering a framework for optimizing membrane performance for water desalination and related
applications.

Recent advancements in molecular simulation have enabled the use of molecular dynamics
(MD) to study the structural characteristics of polymer membranes at a molecular level, ad-
dressing some limitations of experimental methods. Kotelyanskii et al. [138, 139] explored ion
and water mobility within polyamide (PA) membranes, discovering that water exhibits jump-
diffusion rather than traditional Brownian motion. Harder et al. [140] developed a heuristic
model of the PA membrane that simulates the polymerization process, allowing for practical
MD simulations. Luo et al. [141] constructed a membrane topology to calculate water flux
and ion rejection using equilibrium MD (EMD), achieving results consistent with experimental
findings. Ding et al. [142-144] also used EMD to examine the structural and dynamic proper-
ties of water and the membrane. Numerous MD studies have further explored water dynamics,
ion transport, and the local structure within membranes, confirming that MD simulation holds
promise for advancing reverse osmosis (RO) membrane design [145-147]. Gai et al. [59] em-
ployed MD simulations to investigate water-polymer interactions, identifying that hydroxyl and
carbonyl groups exhibit strong affinities for water, suggesting that increasing these groups could
enhance the membrane’s water adsorption capacity. Song et al. [148] examined water residence
times around functional groups within the PA membrane, finding that water diffuses more
rapidly near benzene rings than near carboxyl or amino groups due to the benzene ring’s rela-
tively higher hydrophobicity. Despite these insights, prior studies have predominantly focused
on intramembrane water transport. Future research should further investigate water transport
across bulk/membrane/bulk phases, considering the impact of the bulk/membrane interface.
This thesis explores various polymeric membrane types and their performance using molec-
ular dynamics simulations, providing insights into material behavior at the molecular scale.
This thesis explores various polymeric membrane types and their performance using molecular

dynamics simulations, providing insights into material behavior at the molecular scale.
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1.4 Objectives

Based on the literature survey we proposed following objectives:
e Semiaromatic Polyamide-Based Membrane in Forward Osmosis: Molecular Insights.

Non—Preferential Solvent Transport Through Intrinsic Cyclodextrin Pore in a Polyester

Film

Atomistic Insights into High-Performance Polyimine-based Membranes for Selective Dye

Rejection and Salt Permeation in Nanofiltration

Investigating Solvent Activation of Polyamide Nanofilm Composite Membranes: Insights

from Experimental and Molecular Modelling Approaches

1.5 Thesis Organization

Chapter 2 briefly discusses the simulation technique (molecular dynamics) used in this thesis
and its basic formalism.

Chapter 3 attempts to address the performance of semi-aromatic membrane in forward osmosis.
Chapter 4 deals with functional significance of cyclodextrin cavities in polyester membranes for
transporting polar and non-polar solvents.

Chapter 5 examines the performance of polyimine based membrane in nanofiltration.

Chapter 6 investigate the solvent activation and transport phenomena through polyamide mem-
branes.

Chapter 7 contains the conclusions and some ideas for future works.
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Chapter 2

Simulation Methodology

This thesis endeavors to uncover the microscopic mechanisms underlying various physical phe-
nomena outlined in the objectives. The intricate atomistic characterization of a system sur-
passes the capabilities of current experimental techniques. Nevertheless, molecular simulations
offer a pathway to unravel these microscopic mechanistic details for numerous chemical, phys-
ical, and biological systems. Among the array of molecular simulation techniques, molecular
dynamics (MD) stands out as particularly impactful, demonstrating remarkable success in pro-
viding atomistic insights into a diverse range of phenomena. In this thesis, MD simulation is
employed as the primary tool to investigate all the systems outlined in the objectives. This

chapter will discuss the essential theoretical and practical aspects of MD simulation.

2.1 Introduction to Molecular Dynamics

In classical molecular dynamics, the positions and velocities of atoms are updated as a function
of time by integrating the equations of motion. This process involves solving equation 2.1, where

the sum of forces (F;) acting on a particle—an atom, in this case—determines its acceleration,

—

which can be integrated twice to obtain its position (R). The effectiveness of an MD simulation

is closely tied to the accuracy of the force model, expressed in equation 2.2 as the negative

—

gradient of the potential energy, U(R).

dzxi E
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Chapter 2. Simulation Methodology

F(R) = —-VU(R) (2.2)

Nevertheless, solving equation 2.1 analytically becomes impractical, especially for a many—body
system with nonlinear terms in the potential expression. Consequently, MD simulation turns to
numerical methods to effectively address equation 2.1 within the context of a many—body sys-
tem. The subsequent sections of this chapter provide a detailed exploration of these numerical
techniques.

Among the pioneering applications of MD simulations to study physical systems, a notable
contribution was made by Alder and Wainwright [1, 2]. Their work demonstrated the obser-
vation of a solid-liquid phase transition through a hard sphere model. Subsequently, Rahman
[3] and Verlet [4] independently conducted MD simulations employing a Lennard—Jones (LJ)
potential for a system comprising argon atoms. Their calculations of pair-correlations and
other equilibrium properties for the system exhibited favorable agreement with experimental
values. Another significant breakthrough occurred through a series of studies conducted by
Berne and colleagues [5-8|, where they explored the molecular relaxation behavior in diatomic
liquids using MD simulations. A pivotal milestone unfolded with the first MD simulations of
liquid water by Stillinger and Rahman [9-11]. Following these groundbreaking studies, Karplus
and collaborators conducted the inaugural MD simulation of proteins [12, 13]. These early
implementations paved the way for the extensive use of MD simulations in exploring diverse
physical and chemical phenomena, showcasing the versatility and impact of this computational
approach across various scientific disciplines.

In the upcoming sections, we will go into the crucial components of MD calculations and
the methodologies employed to execute them. Given the myriad of techniques available, our
focus will be specifically on those implemented in the MD code NAMD [14]. It’s important to
note that all simulations presented in this thesis were conducted using NAMD, making it the

central point of reference for our discussions on MD techniques.

2.2 Forcefield

The functional form of a force field is a simple mathematical function, with each function
characterizing a specific interaction between two or more atoms. The heart of all atomistic

molecular dynamics (MD) simulation is the essential capability to compute the potential energy,
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—

U(R), given a set of coordinates, R. Although quantum mechanical (QM) calculations could
be applied for this purpose, their feasibility diminishes significantly for extensive systems such
as condensed—phase biomolecules like proteins due to their computational cost—prohibitive
nature. Instead, a common approach is to employ a parametric equation derived from classical
mechanics. The forces acting on each atom can then be determined by computing the derivative
of this function with respect to the coordinates. Thus, a force field is composed of two integral
components: the parameters (numerical constants) utilized in the functional form employed for
U(R) computation, and the functional form itself. Equation 2.3 illustrates a typical functional

form of a force field.

UR) =" Kyb—bo)*+ > Ko(0 —6p)°

bonds angles

F Z Ky[1 + cos(ng + 9)] + Z Ky () = o)’

torsion impropers

S

T
1,jEND K

where K, Ky, K4, and K, are the respective force constants; by, 6y, and 9y are the equilib-
rium bond length, bond angle, and improper dihedral angle, respectively; n is the torsional
multiplicity, and ¢ is the phase angle. o represents the distance at which the Lennard-Jones
potential reaches its minimum, e denotes the depth of the potential well, and q refers to the
atomic charge.

The eqn. 2.3 represents a fundamental force field expression frequently employed in biomolec-
ular systems. Each term within this equation incorporates specific parameters tailored to the
model representing that particular interaction. Primarily, it encompasses both “bonded” and
"non—bonded” energy terms, encapsulating the essential components that govern the interac-
tions within the molecular system.

Bonded: The interactions between covalently bound atoms, such as bond stretching, valence
angle bending, and dihedral rotation, are collectively referred to as "bonded energy terms.” The
first two terms on the right-hand side of eqn. 2.3, specifically bond stretching and angle bending
are commonly represented as harmonic functions. These energy terms require specific parame-
ters such as force constant and an equilibrium bond or angle value. The force constants (K, and
Ky for bonds and angles, respectively) define the stiffness of the harmonic oscillations associated

with these interactions. On the other hand, the bond and angle equilibrium values, denoted
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as bg and 6, respectively, signify the geometric configurations where the associated energy is
zero. These values represent the sole energy minimum in the potential energy equation for
these interactions and are often derived from optimized quantum mechanical (QM) geometries
or crystallographic data. The force constants can be determined by fitting the potential energy
profile as a function of perturbing the target bond or angle away from its equilibrium value,
and these can be obtained from QM vibrational analysis and/or spectroscopic data. Similarly,
the equilibrium bond length or valence angle can be established using crystal structures or from
an optimized QM geometry.

The third term is the energy due to the torsional motion between four consecutively bonded
atoms. The torsional contribution is expressed in the form of a cosine series due to the oscillatory
nature of the torsions, containing multiple minima separated by energy barriers of various sizes,
representing different possible dihedral conformations. The Ky in the torsional term is called
as barrier height and is a measure of barrier to the bond rotation. The n is the multiplicity
and its value represents the number of minimas as the bond is rotated through 360° and the o
is the phase factor which represents the torsional angle at which the value of torsion potential
is minimum.

Another energy term commonly employed in force fields is the ”improper” dihedral, which
delineates interactions among four atoms and the angle between two planes. However, improper
energy is specifically associated with the out-of-plane deformation around a planar center. In
contrast to proper dihedrals, improper dihedrals are usually treated as harmonic interactions,
and their functional form is given in eqn. 2.3. However, in certain instances, proper dihedral
angles may be sufficiently balanced to maintain planarity at equilibrium, effectively modeling
out-of-plane fluctuations with accuracy.

Non-bonded: The last term in the curly bracket is the potential energy contribution due
to non-bonded(NB) interactions. The NB term is made up of two contributions, the first is
van der Waals(vdW) interaction between two atoms and is modeled using Lennard-Jones(LJ)
potential(the term insided the square bracket of the eqn. 2.3). The 0; and o; are the radius
of the two atoms and o;; = (0; + 0;)/2 and the atoms are separated by a distance r;; with a
potential well depth of ¢;;. The second part of the NB term is the electrostatic interaction be-
tween two atoms having charges ¢; and ¢; and are separated by a distance r;;. The electrostatic
contribution is evaluated by Coulomb’s law.

Some popular forcefields frequently used in MD simulations are AMBER[15], GROMOS][16]
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and CHARMM]17, 18]. Each of these forcefields target to reproduce a specific set of experi-
mental properties, and hence are developed and optimized accordingly. Also, these forcefields
differ in the parametrization methodologies and treatment of a particular term. However, the
basic skeleton of each of these forcefields is same as eqn. 2.3. In this thesis, the CHARMM

force field has been used for all the objectives outlined.

2.3 Energy Minimization

In general, the energy minimization is performed to get a physically realistic molecular struc-
ture, which would be the most stable one. Energy minimization is crucial for determining
the optimal molecular arrangement in space, as the initially drawn chemical structures may
not be energetically favorable. The potential energy of a molecule encompasses various energy
components such as stretching, bending, and torsion. Therefore, having a reasonable initial
structure for the system under consideration is essential before conducting a MD run. Typi-
cally, structures obtained from experiments or constructed using software tools like Avogadro
[19] are employed to build the initial structures of individual monomeric units intended for
polymerization. Subsequently, these individual monomers are packed into a simulation box,
subjecting the system to local stresses arising from nonbonded overlaps and distorted bond
lengths and angles. As a standard practice, the initial positions of atoms in the system are
refined through an energy minimization run using an appropriate technique. This refinement
helps alleviate nonbonded overlaps and correct distorted bond lengths and angles, ensuring a
more stable and energetically favorable starting point for subsequent simulations.

A schematic representation of the potential energy surface for a specific system is depicted in
Figure 2.1. The red ball symbolizes the system’s initial potential energy state, corresponding
to its position on the surface. Various trenches on the energy surface represent minima. The
closest trench to the initial state is referred to as a local minima, while the deepest well is
identified as the global minima. The primary objective of energy minimization is to guide
the system downhill toward the local minima on the potential energy surface. Fundamentally,
energy minimization constitutes an optimization problem where a function (expressed as a force-
field expression) is provided. This function is contingent on numerous independent variables,
specifically the Cartesian coordinates of each atom. The challenge lies in determining the set

of coordinates that result in the minimum value of the potential energy function. The ultimate
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Initial state

Local minima

global minima

Figure 2.1: A schematic representation of a one dimensional potential energy surface.

goal is to achieve a stable and energetically favorable configuration for the molecular system.
Minimization algorithms are broadly categorized into derivative and non-derivative meth-
ods. To illustrate, consider a Taylor series expansion of the potential energy function U(x)

around a minimum point xg.
1
U(z) =U(xg) + (x — 20)U' (o) + §($ — 20)2U" () (2.4)

Where U’ and U” are the first and second derivatives of the function. Here, x represents
a vector with 3N components, where 3N denotes the total number of Cartesian coordinates
with N atoms. Non—derivative algorithms, also known as zero—order algorithms, solely uti-
lize the function’s value during minimization. Conversely, first and second—order algorithms
incorporate the values of U’ and U”, respectively. The accuracy and computational cost of

these algorithms increase in the same order, with second—order algorithms being the most
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accurate yet computationally expensive. Therefore, the choice of algorithm depends on the
required sophistication level, system size, and available computational resources. In quantum
mechanical calculations demanding high accuracy with fewer atoms, second—order algorithms
like the Newton—Raphson method are commonly employed. However, in the realm of most
molecular dynamics simulation codes, the preference leans towards first-order algorithms such
as the steepest descent and conjugate gradient methods due to their computational efficiency.
Zero—order methods like the simplex method are considered basic and are often used as a
preliminary step before deploying more advanced techniques.

The first-order algorithms are the most frequently used in MD simulations since they strike
a fair balance between accuracy and efficiency. All the "order 1”7 methods use the slope of
the energy curve(obtained from the first derivative) to drive the ball(red ball in Figure 2.2)
downhill towards the local minima iteratively. In general, all the first-order algorithms inch

towards minima with the following equation:

—

b = Tt + MoSk (2.5)

where 77}, is the new position at step k, 7,_; represents the position at previous step k — 1,
M. and S, are step size and direction of the step respectively. Here we discuss two of the
most commonly used algorithms in MD codes: the steepest descent and the conjugate gradient

method.

2.3.1 Steepest Descent

The steepest descent(SD) uses simple logic to perform the energy minimization, that is, to
move the system in the direction of the net force since that is the direction downhill towards
the local minima. As shown in the eqn 2.2, the force is the negative gradient of the potential;

hence we can write the direction term Sy in the eqn 2.5 as:

—

Sk = —gr = —VU(R) (2.6)

after obtaining the direction gk, another important choice is the step length A;. In most
of SD’s implementations, the first value of A\, is an arbitrary value, which is then adjusted
during minimization at every iteration based on the energy obtained at that step. If the energy
obtained at any step is less than the previous step, then the value of )\ is increased by a preset

factor. The increment is repeated for every step as long as there is a reduction in the energy.
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However, an increase in the energy at the next step indicates that the algorithm has crossed
over minima. The energy is then reduced by using a smaller \; to bring back the system closer
to the minima. In this way, the algorithm eventually reaches the minima by oscillating around

it and correcting itself at every step.

2.3.2 Conjugate Gradient

Although the SD method works well if the system is far from the minima, it becomes inefficient
due to its oscillatory behavior and quadratic shape of the energy surface near the minima. Thus
SD is good at bringing the system near to minima; however, it rarely converges to the exact
point of minimum. The conjugate gradient(CG) method uses a unique approach, where the
first step of the CG method is the same as the SD method; that is, the direction at the first
step of CG is given by:

Si=—-q (2.7)

However, for the subsequent steps, the direction is given by the expression:
Sk = —gk + bxSk—1 (2.8)

where Sj_; is the direction at the previous step and by is the weight factor given by the

expression:
b = |grl*/1gr—1 " (2.9)

Where ¢, and g, ; are the current and previous steps’ gradients, respectively; hence, the
direction in the CG method is calculated as a weighted average of the current step’s gradient
and the previous step’s direction. The CG method performs better than the SD method, even
for non-quadratic surfaces, due to its ability to use gradient information from previous steps to

evaluate the direction for future steps.

2.3.3 Convergence Criteria

While numerical schemes for energy minimization are effective in alleviating stress in structures
and providing a reasonable starting point for molecular dynamics simulations, they lack the
precision of analytical methods. Consequently, a numerical minimization algorithm will con-
tinue adjusting the system towards the minima indefinitely unless stopped using appropriate

convergence criteria. One simple criterion involves monitoring the energy difference between
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two successive steps; if it drops below a certain threshold and remains there for several steps,
the minimization can be considered converged. Another approach is to observe changes in
atomic coordinates, stopping when no significant alterations are observed over many steps. A
more sophisticated criterion involves calculating the root-mean-square gradient (GRMS). The
GRMS is determined by taking the square root of the ratio between the sum of squared gra-
dients and the number of coordinates. This criterion provides a more nuanced evaluation of
convergence during the energy minimization process:

2
GRMS = %—]3 (2.10)

2.4 Periodic Boundary Condition

Periodic Boundary Conditions (PBC) are a common technique used in molecular dynamics sim-
ulations to emulate an infinite system and mitigate surface effects. The challenge of explicitly
simulating a bulk or macroscopic system, which comprises a staggering number of particles (at
least Avogadro’s number, 10%3), becomes impractical for even the most advanced supercom-
puters. Additionally, while macroscopic systems tend to downplay the impact of boundaries
on bulk properties, these wall effects become significant in smaller systems. To bridge the
microscopic states generated in MD simulations with corresponding macroscopic systems and
faithfully reproduce bulk properties, smart treatment of MD system boundaries is essential.
PBC addresses this by infinitely replicating the simulation box in all three dimensions, forming
a periodic lattice. Particles’ movement within these imaginary boxes imitates their behavior in
the original box. A two-dimensional PBC schematic is shown in Figure 2.2.

Notably, any particle exiting one side of the simulation box seamlessly re-enters from the
opposite side, rendering the system virtually infinite and minimizing boundary effects. Con-
sequently, PBC enables accurate reproduction of macroscopic system properties, freeing the
simulation from the constraints of a limited volume and allowing it to represent an infinitely

extended system.

2.4.1 Minimum Image Convention and Cutoff

The implementation of Periodic Boundary Conditions (PBC) successfully addressed the chal-

lenges posed by wall effects, allowing for the simulation of a bulk system without the need to
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Figure 2.2: A schematic representation of two dimensional periodic boundary condition. The

highlighted box in the center is the original simulation box and all other boxes are images of it.

physically enlarge the system. Nevertheless, the introduction of an infinite system through PBC
introduced a new challenge when evaluating non-bonded interactions that span periodic bound-
aries. To tackle this issue, the minimum image convention (MIC) is employed. MIC guides the
calculation of non-bonded interactions across periodic boundaries by suggesting that, instead
of the original particle, the closest periodic image of the other particle should be considered.
This approach is justified by the rapid decay of interactions between particles with increasing
distance, making the contribution of particles beyond a certain cutoff distance negligible. By
focusing on the closest periodic image, the simulation accurately captures the interaction be-
tween the two particles without necessitating an excessively large simulation box. This method
ensures efficiency in computational resources while maintaining precision in modeling particle

interactions.

The evaluation of non-bonded interactions stands out as the most time-consuming aspect

40
TH-3659_196107005



2.5. Integration of Equations of Motion

of an MD simulation. While the Minimum Image Convention (MIC) cleverly handles interac-
tions across boundaries, calculating all pairwise interactions, even within the simulation cell,
is computationally intensive and often unnecessary. In reality, particle interactions diminish
rapidly with distance, becoming inconsequential beyond a certain point. Therefore, introducing
a cutoff distance allows the simulation to focus solely on interactions between closely situated
particles, neglecting those between more distant particles that have minimal impact. Figure 2.2
illustrates this concept, with the solid pink colored particle representing the one under consid-
eration and the dashed circle denoting the cutoff distance. Choosing the right cutoff distance
involves striking a balance between accuracy and efficiency. A smaller cutoff distance enhances
precision but demands more computational resources, while a larger cutoff distance sacrifices
precision for computational savings. The optimal choice depends on the specific characteristics

of the simulated system and the desired level of accuracy for the results.

2.5 Integration of Equations of Motion

As mentioned earlier, finding an analytical solution for the equations of motion (EOM) is
unfeasible due to the intricate nature of the potential function and the challenge of solving
a many-body problem. Consequently, smart algorithms are essential for effective integration.
Numerous algorithms exist for this purpose, with two of the most commonly used in MD
codes being the Verlet and velocity Verlet algorithms. These algorithms play a pivotal role in
simulating molecular dynamics by numerically integrating the equations of motion, allowing

for the accurate prediction of particle trajectories over time.

2.5.1 Verlet Algorithm

The idea behind the Verlet algorithm(VA)[4] is quite simple; it uses Taylor series expansion to
generate new positions of the atoms. The Taylor expansion for a position r;(t + At) can be

written as:

1
ri(t + At) & ri(t) + Aty + §At27"i(t) (2.11)

The terms higher than second order in the above Taylor expansion are neglected. Also, as
is known, the first derivative of the position is the velocity(r;(t) = v;(t)), and the second is

acceleration(7;(t) = a;(t)), also using Newton’s second law we have a;(t) = F;(t)/m;. Hence,
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we can rewrite the eqn 2.11 as:

A 2
it A () + Atui(r) + 5 o (2.12)
my;
A similar expression could be written for r;(t — At) as:
At?
ri(t — At) = ri(t) — Ato;(t) + 2_Fi(t) (2.13)
my
Adding eqns 2.12 and 2.13 and rearranging we get
At?
my;

Eqn 2.14 and 2.13 are the most crucial parts of VA. The VA’s execution can be elaborated in
the following steps:

1. A set of energy-minimized coordinates and initial velocities is provided to the integrator

at t = 0.

2. The eqn 2.12 is used to kick-start the integrator and obtain the first set of new coordinates

r1(At), ..., N (At).

3. The eqn 2.14 can now be used to obtain future positions and generate an arbitrary length

of the trajectory.

4. The velocities can be computed using the centered difference formula on positions as

follows:

(2.15)

Similar to any algorithm or numerical technique, the Velocity Verlet algorithm (VA) has both
advantages and drawbacks. Notably, one of its key features is its simplicity, accuracy, and ease
of implementation. Moreover, the memory requirements for VA are modest. The algorithm
optimally utilizes force evaluation, performing it just once at each integration step, contributing
to its efficiency. Given that force calculation is often the most computationally demanding step
in MD simulations, this characteristic is particularly advantageous. Another crucial aspect of
VA is its time-reversible property, aligning with the requirements of the equations of motion
(EOM) for a good integrator. However, the VA has its limitations. The evaluation of velocities
in VA is not straightforward; it is both inaccurate and inefficient, involving an additional set of

iterations with equation 2.15. Additionally, VA requires an auxiliary equation (equation 2.13)
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to obtain the first step before proceeding with equation 2.14, making it a non-self-starting
algorithm. Despite these drawbacks, the overall simplicity, accuracy, and efficiency of VA make

it a widely employed and valuable integrator in molecular dynamics simulations.

2.5.2 Velocity Verlet Algorithm

While the VA is an elegant method for integrating equations of motion (EOM), it has a signif-
icant drawback—it doesn’t evolve velocities simultaneously with positions, which are essential
for calculating kinetic energy. To address this limitation, Swope et al. introduced the velocity
Verlet algorithm (VVA) [20]. The key insight behind VVA is the recognition that the EOM can
evolve backward in time. This advancement overcomes the shortcomings of VA, providing a
more comprehensive and accurate approach for simulating molecular dynamics by concurrently
updating both positions and velocities. Considering second-order Taylor expansion for position
ri(t + At) we have:

At?
ri(t + At) = r;(t) + Atv;(t) + 5

Fi(t) (2.16)

Now if we want to evolve the system backward in time that is from ¢ + At) to ¢ the Taylor

expansion could be written as:

2

ri(t) = ri(t + At) — At (t + At) + 2At Fi(t + At) (2.17)

)

substituting the value of r;(t + At) from eqn 2.16 in eqn 2.17 and rearranging yields

A
ult + A8 = uilt) + 5 .

[Fi(t) + Filt + At)] (2.18)

Eqn 2.18 is the equation used to perform velocity evolution in VVA and eqn 2.16 for position

evolution. Hence, VVA can perform both velocity and position evolution simultaneously. The

VVA can be executed in the following steps:

1. A set of energy-minimized coordinates and initial velocities is provided to the integrator

at t = 0.
2. New set of coordinates are calculated at ¢t + At using eqn 2.16.
3. Forces are computed at ¢t + At using the coordinates obtained in the second step.

4. Finally the velocities are calculated at ¢ + At using the eqn 2.18
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Similar to the VA, the VVA also comes with its set of advantages and limitations. A crucial
strength of VVA lies in its ability to accurately and efficiently evaluate velocities and positions
simultaneously. Implementing VVA is straightforward, requiring a simple transcription of equa-
tions 2.16 and 2.18 into the syntax of a specific programming language. The time-reversible
nature of VVA contributes to its numerical stability. However, one significant drawback of
VVA is that it is slightly more computationally expensive than VA. Despite this additional
computational cost, the accuracy and the ease of velocity evaluation provided by VVA often

outweigh this drawback, making it a valuable choice for simulating molecular dynamics.

2.6 Ewald Summation

In molecular dynamics (MD) simulations, the concept of a force field revolves around a simple
functional form for the potential energy. The potential energy comprises two types of con-
tributions: bonded and non-bonded (NB). Among these, the non-bonded contributions are
computationally the most expensive to evaluate in an MD simulation. Van der Waals (vdW)
interactions, a part of the non-bonded forces, exhibit a relatively short range and can be man-
aged with an appropriate cutoff, as discussed in section 2.4.1. However, the evaluation of
electrostatic interactions poses a challenge due to their long-range nature in Coulombic interac-
tions. The relationship between vdW and Coulombic interactions concerning the length scale

is evident from equation 2.19.

Uvs(R) =Y {{4@7 (j—j)u = (:—j)ﬁl i %} (2.19)

i,jenb
To address the long-range nature of Coulombic interactions, Ewald introduced a technique now
known as Ewald summation [21]. The fundamental concept behind Ewald’s summation is that
a function that exhibits long-range behavior in real space becomes short-range in reciprocal or
Fourier space. Therefore, by transforming the Coulombic term into a Fourier representation, it
can be efficiently evaluated. To achieve this, we express the reciprocal term in the Coulombic

contribution of equation 2.19 as follows:

1 er 7(QCW’) n er fe(ar) (2.20)

T r

where the er f(ar) is the error function and er fc(ar) is its complement, both are defined
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as:

2 [T,
erf(x):ﬁ/o dte (2.21)

erfe(z) =1—erf(z) = % /OO dte" (2.22)

It can be noted that, based on the definitions given above, the first term of the eqn. 2.20
is long-range while the second is short-range. Hence, the short-range term can be evaluated
along with the vdW term in the real space, while the long-range term can be computed in the
Fourier space. Thus using eqn. 2.20 the Coulombic term can be written as a sum of two terms

as follows:

qiq]'GTf(OéTij) qiqjerfc(ozrij)

UColoumbic =3 r + ’ (223)
long short

As explained, the short-range term can be evaluated along with the vdW term. The « in the
above equations is used to tune in an appropriate cutoff distance for the short-range Coulombic
interactions. The long-range part is computed using the Poisson summation rule leading to a

Fourier series expansion of the error function. The final equation obtained is as follows:

. - 124_7T6xp lg* ‘Zq.emp(ig ) °_ iZqZ (2.24)
N N do? ' - & & .

The eqn. 2.24 is known as the Ewald sum, where V' represents the volume of the simulation

cell, and ¢ stands for the reciprocal space vectors. While equation 2.24 ingeniously addresses
the calculation of long-range Coulombic interactions, its direct implementation remains compu-
tationally expensive, especially for large systems. Essman et al. introduced the smooth particle
mesh Ewald (SPME) method [22] as an efficient approach for evaluating the Ewald sum. In
SPME, the space is divided into grids, and charges are uniformly distributed across its nodes

using an interpolation scheme with a B-spline function.

2.7 Ensemble

The term "ensemble” in molecular dynamics draws a parallel with its literal meaning, rooted

in the realm of music where it signifies a group of musicians working together. Analogously, in
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the context of molecular dynamics, an ensemble represents a collection of systems characterized
by variations in microscopic details (such as positions and momenta) while sharing common
macroscopic constraints, such as the number of particles, pressure, total energy, or tempera-
ture. This concept, initially introduced by J.W. Gibbs in ”Elementary Principles in Statistical
Mechanics[23],” underscores the idea that macroscopic observables emerge from the average
of microscopic properties across the ensemble. Mathematically, the ensemble concept can be

succinctly expressed as follows:
z

1
M=z > m(X;) (2.25)

i=1
Where M is a macroscopic observable, Z is the number of members in the ensemble, m(X)
represents a microscopic phase space function, and X denotes a coordinate on the phase space.
In summary, the concept of an ensemble serves as a bridge between the macroscopic and mi-
croscopic realms. For an in-depth exploration of this topic, readers are encouraged to refer to
comprehensive texts by [24], Bagchi[25] and others. Moving forward, various types of ensem-
bles exist, each defined by specific macroscopic constraints. Among these, the microcanonical,
canonical, and isothermal-isobaric ensembles stand out as the three most common and practi-

cally useful ones.

2.7.1 Microcanonical(NVE) Ensemble

The microcanonical (NVE) ensemble stands as the most fundamental and straightforward
among various ensembles. It is defined by a constant number of particles (N), constant volume
(V), and constant total energy (E). An essential principle of the NVE ensemble is its adherence
to the fundamental statistical mechanical postulate of "equal a prior probability.” This postu-
late asserts that all microstates within a given ensemble hold equal probability, implying that
each microstate shares the same total energy. The distinctive characteristic of the NVE ensem-
ble lies in its ability to generate detailed dynamics for the system at hand, as it can explore
all possible microstates given sufficient time. Entropy (S) serves as the unique thermodynamic
state function for the NVE ensemble. All other thermodynamic quantities within the NVE

ensemble can be derived from entropy through the following relations:

1_ (908 L_ (95 p__ (98 (2.26)
T \OE) T \oV/)yp T \ON)y,g '
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Where T is the temperature, P is pressure, and p is the chemical potential for the given system.
The relation between macroscopic observables and a microscopic property for an NVE ensemble

is given by the famous ”Boltzmann relation”:
S = kgln) (2.27)

Where S is the entropy of the system, kg is known as Boltzmann’s constant and is equal to
1.3806 x 10723J. K1 and € is known as the partition function for NVE ensemble and it defines
the number of microstates available to the system. Using the eqn 2.27 and eqns 2.26, all
thermodynamic properties can be written in terms of {2. However, the main limitation of the
NVE ensemble is that it does not reflect the systems commonly encountered in most of the
experiments and other realistic environments. Since, in most of the experiments, the system is

allowed to interact with its surroundings, which makes NVE impractical for most cases.

2.7.2 Canonical(NVT) Ensemble

The thermodynamic constraints used for the canonical(NVT) ensemble are the constant num-
ber of particles(N), constant volume(V), and constant temperature(T). A clear advantage NVT
has over NVE is that NV'T mimics the commonly encountered experimental setups more closely.
The conditions for an NVT ensemble are achieved theoretically by assuming that the system
under consideration is in thermal contact with an external infinite heat bath and the system’s
energy fluctuates in such a way that its temperature remains constant. The principle thermo-
dynamic state function for the NVT ensemble is the Helmholtz energy(A). The thermodynamic

quantities for the NVT ensemble are defined in terms of A as follows:

0A 0A 0A
“‘(a?)MV’ “—(a—N)V,T’ P—‘(W>N,T (2.28)

The connection between macroscopic thermodynamic quantities and microscopic property is
given by the relation:

A= —kpTlnQ (2.29)

Where Q is known as the canonical partition function and kg is the Boltzmann’s constant.
Although the NVT ensemble exhibits an advantage over NVE of being closer to the realistic
systems. However, a straightforward integration of EOM will produce an NVE ensemble.

Hence, we require methods to control the temperature in an MD simulation in order to generate
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an NVT ensemble. These methods are known as thermostats, and we will discuss a few of these

methods in the upcoming section.

Temperature Control or Thermostats

Velocity Rescaling: The easiest way to control the temperature is to rescale the velocities at
every time step. The relation between velocities and temperature is given by the well-known

result,
5 1mwf} = 1kBT (2.30)
3 2 2

Then velocities can be rescaled by using an appropriate factor given by:

Tdesired

A=A

(2.31)

Although convenient in its approach, the method causes significant perturbation of the trajec-
tory. Moreover, the rescaled velocities may not lie within the Boltzmann distribtion; hence, the
method does not guarantee a canonical distribution.

Andersen Thermostat: The method suggested by Andersen[26] to control the temperature
in an MD simulation is based on simple velocity assignment from a Maxwell-Boltzmann distri-
bution of velocities. According to this method, the coupling between the system and the heat
bath is represented by stochastic dynamics of the collisions between the system’s particles and
the heat bath. These collisions occur periodically on randomly selected particles. The particle
which undergoes collision is assigned a new velocity from a Maxwell-Boltzmann distribution of
velocities corresponding to the target temperature. If the frequency of these stochastic colli-
sions is given by v and t is the time between two successive collisions, then the probability for

a collision is by the Poisson process,

P(v,t) = ve ™ (2.32)

Although the Andersen method successfully generates the canonical ensemble and is also easy
to implement, the dynamics generated by it is unphysical. Hence, it must be avoided whenever
the goal of the study is to calculate the dynamical properties of the system, e.g., diffusivity,
viscosity, thermal conductivity, etc. However, static properties such as pressure, density, etc.,

remain unaffected.
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Nosé—Hoover Thermostat: Andersen showed that a stochastic approach could generate a
canonical ensemble. However, Nosé-Hoover[27, 28] devised a clever method to generate canoni-
cal phase space distribution with a deterministic approach. In this method, the EOM is tweaked
by adding additional terms to attain temperature control; such methods are called extended
system methods. The main idea behind the Nosé-Hoover thermostat is that an additional
term is introduced in the EOM such that it can monitor any deviation in the instantaneous
kinetic energy corresponding to the desired temperature and scale the velocities accordingly.

The modified Lagrangian of EOM for Nosé-Hoover method is given by:

N L
1 2
Ly-n =Y smilsia)® =UG™) + —Q; ~ gksTins (2.33)

i=1
Where s is the position of the imaginary heat bath,s is the conjugate velocity of the heat bath,
and @ is the effective mass of the heat bath. The Nosé-Hoover thermostat generates accurate
canonical distribution. Additionally, the dynamics generated within it are more realistic than
the Andersen thermostat. However, the convergence of Nosé-Hoover thermostat is a bit slower
due to the presence of second-order terms. Hence, it must be avoided for the systems that are

far away from the equilibrium.

2.7.3 Isobaric-Isothermal(NPT) Ensemble

Most of the condensed-phase experiments are conducted under constant temperature and pres-
sure. Moreover, most of the standard thermodynamic data are reported under constant temper-
ature and pressure conditions. This makes the isothermal-isobaric(NPT) the most useful of all
the ensembles, since it is closest to the physical conditions at which experiments are performed.
The thermodynamic control variables of NPT ensemble are constant number of particles(N),
constant pressure(P) and constant temperature(T). The basic thermodynamic quantities of

NPT ensemble are defined using a new state function, the Gibbs free energy(G). The relations

The link between macroscopic and microscopic worlds for an NPT ensemble is given by the

are written as:

relation:

G = —kgTInA (2.35)
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Where all the variables have the same meaning defined previously, and A is the partition
function for an NPT ensemble. The concept of free energy obtained in the formulation of NVT
and NPT is quite useful since the physical interpretation of it is the work required to change the
system’s state from state 1 to state 2. Hence free energy is an indicator of the thermodynamic

feasibility of a process.

Pressure Control or Barostats

In the previous section, we discussed methods for controlling the temperature to generate an
NVT ensemble. However, in order to perform an MD simulation with an NPT ensemble, it is
crucial to control pressure along with the temperature. Here we discuss a couple of methods
to maintain pressure in an MD simulation.

Berendsen Barostat: In the Berendsen method|[29], the system’s pressure is controlled
by scaling the dimension of the simulation box and coordinates of the particles. The rate of
change of pressure is given by the relation:

b _ (K= F) (2.36)
dt T '

Where 7, is the coupling constant, /4 is the desired pressure, and P is the instantaneous
pressure. The scaling factor is given by :

BAt

! =
a 3Tp

(Fo—P) (2.37)

Here 1 is the scaling tensor used to scale the box size and coordinates of the particles to maintain
the system’s pressure at the desired value(Fy), 3 is the isothermal compressibility of the system
and At is the time step. Berendsen’s method is an example of a weak coupling barostat. Hence,
it is more appropriate to use it in situations where pressure deviation is significant, mainly in
the initial stages of the simulation (e.g., equilibration).

Anderson Barostat: The Anderson pressure coupling method[26] uses an imaginary
piston to control the pressure. The piston and the original system form an extended system,

and the EOM for such a system is given by:

. Di 1 V
=24 (2w 2.
7 - + 3 (V) r (2.38)
1(V
y=F+- | — | ps 2.39
p +3<V>p (2.39)
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(2.40)

Here P is the instantaneous pressure, P, is the desired pressure, V is the volume, M is the mass
of the imaginary piston, and r;, p;, m; and F; the position, momentum, mass, and force for
the ith particle respectively. The EOM of Anderson barostat(2.38-2.40) samples an isobaric-
isoenthalpic ensemble. However, combining an appropriate thermostat with Andersen’s baro-
stat will generate the NPT ensemble. The choice of mass for the imaginary piston is crucial

here since it will decide the decay of volume fluctuations in the ensemble.

2.8 Constraints

Atomistic simulations have a varying degree of freedom(DF) of motions such as bond vibra-
tion, angle bending, and torsional motion. The time step for the integration of EOM is usually
governed by DF with the fastest motion or the highest frequency present within the system.
However, accounting for these higher-frequency motions can slow down the simulation con-
siderably. Moreover, these high-frequency motions are not crucial in general in the overall
configurational phase space exploration, particularly for bigger systems such as biomolecular
systems. Hence, it is customary in MD simulations to fix or constrain these DF, which allows
the use of a bigger time step and eventually speeds up the simulations.

Implementation of constraints requires modifying the EOM to incorporate the effect of con-
straints. This modification is done by using the method of Lagrange’s undetermined multipliers.
The resulting EOM can be expressed as:

Nc
mi# =F;+ ) A\Vioy (2.41)

k=1

The last term in the eqn. 2.41 represents the force experienced by the atom due to constraints.
The A is a set of Lagrange’s multiplier to enforce the constraints, and o, are holonomic(depends
only on coordinates of atoms involved) constraints. Although it is possible to obtain an exact
solution for Lagrange’s multiplier for a few atoms, it becomes increasingly impractical as the
system size increases. Additionally, as EOM in an MD simulation is solved using one of the nu-
merical schemes discussed in a previous section, incorporating an exact analytical expression for
Ar will accumulate errors in the calculations. Hence, to avoid these problems, numerical algo-

rithms such as SHAKE[30] and RATTLE[31] to calculate the multipliers during the simulation
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run. These algorithms evaluate the multipliers iteratively for each constraint until it converges
to a very small tolerance. Although constraints are usually employed to fix the bond vibrations
involving hydrogen atoms, they can also be used to fix angle bending in certain molecules by

constraining the distance between the two end atoms involved in the angle formation.

2.9 Water Models

Water holds a pivotal role in numerous chemical and biological processes, influencing and
mediating various phenomena. In molecular dynamics (MD) simulations, it becomes imperative
to incorporate water due to its significance. Various water models have been developed, each
designed to address specific properties of water. Consequently, no single water model can
accurately replicate all the diverse properties of water. The selection of a particular model
hinges on the objectives of the investigation at hand. Moreover, these water models differ in
complexity and sophistication. Therefore, the choice of a model should be made considering
the desired level of accuracy and the computational resources available for the simulation. The
selection process involves a careful balance between the intricacies of the model and the specific

properties of water that need to be captured for a given study.

Figure 2.3: (a) TIP3P (b) TIP4P (c) TIP5P (The geometric structures are adopted from the
literature [32, 33|, and M represents the massless point M assosiated with the oxygen atom

charge)

Among the various water models available 3-site, 4-cite and 5-cite models (refer Figure 2.3)
are most commonly used . We will discuss briefly some of the popular water models in each of

these categories.

Three Point Models
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Three point water models are one of the earliest and simplest models. In this model the
water molecule is represented by three point charge for hydrogen and oxygen atoms. Despite
their simplicity, three-point water models can provide reasonable approximations of certain
properties and behaviors of real water, making them computationally efficient for a wide range
of applications. We will discuss two widely used three point models namely TIP3P and SPC/E.
TIP3P
Transferable Intermolecular Potential with Three Points (TIP3P) is one of the earliest and most
widely used three point model. Tt was proposed by Jorgensen et al.[34]. In the TIP3P model,
each water molecule is represented by three point charges: a negative charge at the oxygen
atom (-1.0 e) and two positive charges at the hydrogen atoms (+0.52 e). The atomic charges
and Lennard-Jones parameters are fitted to reproduce experimental properties of water, such
as the density and heat of vaporization. The O-H bond length and H-O-H bond angle used
in TIP3P model are 0.9572 Aand 104.52° respectively. TIP3P stands out for its simplicity,
streamlining the number of interaction terms and contributing to faster computational simu-
lations compared to more intricate models. This model demonstrates reasonable accuracy in
replicating fundamental water properties, including density, radial distribution functions, and
self-diffusion coefficients. However, TIP3P does exhibit certain limitations, notably in the rep-
resentation of water structure. One drawback is its tendency to overestimate hydrogen bond
length and underestimate the O-H—O bond angle, resulting in deviations from the true water
structure. Consequently, TIP3P may not be the optimal choice for studies requiring precise
characterization of hydrogen bonding, such as investigations into specific biomolecular systems
or phase transitions. Despite its limitations, TIP3P remains a computationally efficient option
for simulations that do not heavily rely on accurate hydrogen bonding details.
SPC/E

SPC/E model[35] is very similar to TIP3P, each water molecule is represented as three point
charges: one negative charge located at the oxygen atom (-0.8476 e) and two positive charges
located at the hydrogen atoms (+0.4238 e¢). The O-H bond length and H-O-H bond angle
used in SPC/E model are 1 Aand 109.47° respectively. The target properties of SPC/E are
the density and the vaporization enthalpy at room temperature. However, the key difference
between TIP3P and SPC/E is the use of a polarization energy correction in case of SPC/E to
correctly reproduce the vapourization enthalpy of real water. The SPC/E model represents a

significant advancement over its predecessor, excelling in the reproduction of water’s structural
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properties such as the O-H-O bond angle and radial distribution functions. This improvement
is attributed to the optimization of model parameters to closely align with experimental data.
SPC/E introduces a fractional charge distribution and realistic charge interactions, enhancing
its capability to facilitate hydrogen bond formation. This feature makes SPC/E particularly
well-suited for studies focused on processes dependent on hydrogen bonding. While SPC/E
introduces additional complexity compared to simpler three-point models like TIP3P, it main-
tains a reasonable level of computational efficiency due to its simplified charge distribution and
the absence of polarizability. Despite these improvements, SPC/E, like any model, involves
simplifications that may result in deviations from real water behavior. Notably, the model does
not account for polarization effects, which can be crucial in certain systems.

Four point water models
Four point water models improve upon the limitations of three-point models by incorporating
a Lennard-Jones site for the lone pair electrons on the oxygen atom. This inclusion allows
for better representation of water’s structure and dynamics, but it also increases the model’s
complexity.

TIP4P
Being a four point model TIP4P is represented by three point charges and one Lennard-Jones
site. However, the key feature of this model is that the site carrying the negative charge is
not located at the oxygen atom but on the H-O-H bisector at a distance of 0.15 A, effectively
accounting for the oxygen atom’s lone pair electrons. The TIP4P model was proposed by Jor-
gensen et al.[34]. The TIP4P model incorporates a Lennard-Jones site for the lone pair electrons
of the oxygen atom, enhancing its ability to accurately represent hydrogen bonding interactions
compared to TIP3P. This modification aims to improve the model’s transferability, enabling it
to reproduce diverse water properties across various systems. TIP4P retains the transferability
feature of TIP3P while introducing a slight increase in complexity due to the addition of the
Lennard-Jones site. This added complexity may result in slightly longer computation times.
While TTP4P enhances accuracy over TIP3P, its implementation requires a more intricate pa-
rameterization process to ensure that the new interaction site effectively represents the oxygen
atom’s lone pair electrons. The model strikes a balance between an improved representation of
hydrogen bonding and the computational demands associated with its increased complexity.

Five point water models

The term ”5-site water model” typically refers to a more detailed and sophisticated representa-
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tion of water molecules in molecular dynamics simulations. The traditional water models like
TIP3P, SPC/E, or TIP4P have three interaction sites representing the oxygen and hydrogen
atoms. In contrast, a 5-site water model introduces additional sites to capture more accurately
the electronic distribution and polarization effects in water molecules.

TIP5P
The five-point TIP5P rigid water model extends the three-point TIP3P model by adding two
additional sites, usually massless, where the charge associated with the oxygen atom is placed.
These sites are located at a fixed distance away from the oxygen atom, forming a tetrahedral
angle that is rotated by 90 degrees from the H-O-H plane (see Figure 2.3). Those sites thus
somewhat approximate lone pairs of the oxygen and consequently improve the water structure
to become even more “tetrahedral” in comparison to the four-point TIP4P model. It aims to
more accurately represent the angle and bond lengths in water molecules. TIP5P accounts
for the polarization effects that are crucial in capturing the behavior of water, especially in
scenarios involving hydrogen bonding and other intricate interactions. The model is designed
to reproduce the dipole moment and other properties of water more closely. TIP5P is often used
in simulations that require a higher level of accuracy in describing water-water interactions, such
as studies involving phase transitions, solvation, or complex hydrogen-bonding environments.

It’s important to note that the choice of a water model depends on the specific requirements
of the simulation, including the level of detail needed, the accuracy desired, and the compu-
tational resources available. While more detailed models like TIP5P provide a more accurate
representation of water, they may also come with an increased computational cost compared
to simpler models. Researchers choose a water model based on the balance between accuracy

and computational efficiency required for their specific study.

2.10 CHARMM Force Field Parametrization

CHARMM, AMBER, GROMOS, and OPLS force—fields are used in general for classical molec-
ular dynamics simulation studies. FEach force—field has its own methodology of developing
the parameters and most of them use three site water models (especially to find the partial
charges on each atom via quantum chemical calculations). In general, the development of
the CHARMMS36 force field parameters for organic molecules is based on the TIP3P water

model, which imposes a limitation on using other water models in our research. We used the
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CHARMMS36 force field to understand the dynamics of water molecules through the mem-
branes.

The CHARMM (Chemistry at HARvard Macromolecular Mechanics) force field is a widely uti-
lized all-atom force field designed specifically for simulating biomolecules such as proteins. Its
parameterization involves a meticulous process that begins with quantum mechanical (QM) cal-
culations to determine key parameters ensuring accuracy in representing molecular properties.
During this stage, various quantities such as molecular dipole moments, optimized geometries,
rotational energy profiles, and interactions with water are matched using QM computations.
The chosen level of theory is typically MP2/6-31G* for optimizations, with 6-31+G* incorpo-
rating diffuse functions for molecular ions. Significantly, explicit water interaction energies are
computed using the HF/6-31G* model chemistry, with a low dielectric constant applied for
the continuum model instead of the dielectric constant of water (¢ = 78.4). The subsequent
step involves adjusting the obtained parameters to reproduce a range of physical properties,
including crystal geometries, heats of vaporization, sublimation, enthalpy of vaporization, and
density for neat liquids. Biomolecules undergo conformational sampling, and the force field is
refined to align with experimental data related to conformational changes. Charge assignment
is a critical aspect, with the Hartree-Fock electronic structure technique used, and a low di-
electric constant is employed to implicitly account for polarization effects. Partial charges are
assigned, and a scaling factor is applied to target QM-optimized distances between water and
interacting groups to maintain a balance among solute-solute and solute-solvent interactions
[18, 36]. For neutral compounds, a scaling factor of 1.16 is used. In consideration of molecular
ions, no scaling is applied to their target data. Scaling of the distance is necessary to account
for missing dispersion interactions using the Hartree-Fock model and to yield an appropriate
density in the TIP3P water model [34, 37], which is the model for which the CHARMM force
field is parametrized for use. This detailed parameterization process aims to achieve an accu-
rate representation of molecular interactions and dynamics within the CHARMM force field.
The combination of QM calculations and empirical adjustments ensures the force field’s reli-
ability for a broad range of biomolecular simulations, particularly in the study of biological

macromolecules.
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2.11 Softwares used and Implementation

Majority of MD simulations in this thesis were performed using NAMD[14] package. VMDI3§]
and PACKMOLI[39] were used to generate the initial configurations of the atomistic models.
VMD was used to visualize the simulation trajectories and render the snapshots. Gaussian 16
used to perform QM calculations for CHARMM force field parameterization. The postprocess-
ing of snapshots was done using Inkscape graphics software. All the analysis were performed
using in-house developed codes written in Tcl, python, Matlab, and bash. The plots of all the
analysis were prepared using Gnuplot. The simulations were performed with high performance
computing (HPC) facility, and the runs were submitted to HPC using SLURM scripts.
Finally we present a general scheme for an MD simulation in Figure2.4, first the coordi-
nates of the structure to be simulated is obtained then that structure is minimized using a
suitable minimization algorithm, solvent molecules are added if required and the initial veloci-
ties are assigned using Boltzmann distribution and then the equilibration and production run

are conducted with the desired ensemble.
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Figure 2.4: A general work flow of operations in general in an MD simulation.
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Chapter 3

Semi—Aromatic Polyamide—Based
Membrane in Forward Osmosis:

Molecular Insightsl

3.1 Introduction

Desalination is a potential process for transforming seawater or groundwater into drinkable
water and addressing water scarcity issues. Because of increased demand from population
growth, desalination has become a conventional water treatment technique [1]. Reverse osmosis
(RO) is a commonly utilized desalination technique that accounts for more than half of the
global desalination capacity to produce drinking water from seawater and brackish water [2].
Forward osmosis (FO) is an osmotic pressure—driven technique that transports fresh water
through the semipermeable membrane from the feed solution (low osmotic pressure) to the
concentrated draw solution (high osmotic pressure), where the chemical potential difference is
used in the form of osmotic pressure [3]. FO can be economical in treating challenging feed
solutions (ex., high osmotic pressures), and the diluted draw solution has a direct application
in another process, is less prone to fouling [4], and thus is being used in various fields such as

power generation [5, 6], wastewater treatment [2], and food processing [7].

Thin—film composite (TFC) fully—aromatic polyamide (PA) membranes (produced from

1G. Nagendraprasad, V. Adupa, K. Anki Reddy, C. Das, S. Karan, Semiaromatic polyamide based membrane
in forward osmosis: Molecular insights, J. Phys. Chem. B 127 (30) (2023) 6751-6766.
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m—phenylenediamine and trimesoyl chloride via interfacial polymerization), where the PA se-
lective layer is fabricated on top of a polysulfone or polyethersulfone ultrafiltration membrane
supported on fabric, are known for their high water—salt selectivity [8]. Owing to their high
selectivity for monovalent ions, they have been predominantly employed in brackish water and
seawater desalination [9, 10]. They are also used in FO processes [11]; however, the low water
permeance restricts their potential applications in many separation processes [8]. The chemical
property of the PA selective layer is crucial to membrane performance, durability, salt rejec-
tion, and water flux [12] and is influenced by functional groups in the PA layer. In general,
the water affinity of the PA layer can be increased by the presence of polar hydroxyl and
carbonyl functional groups; however, the presence of hydrophobic benzene rings tends to slow
down water permeability [13]. Over the last decade, surface modification of the PA layer with
hydrophilic materials, for example, PEG derivatives [14], zwitterionic polymers [15, 16], and
amine—derivatives [17, 18] and incorporating novel functional monomers [19, 20], nanoparticles
21, 22], etc. have resulted in excellent salt rejection and improved water permeability [23],
chlorine resistance, and fouling propensity [24-28]. However, higher water flux is needed for
enhanced process efficiency without sacrificing solute/ion selectivity [29]. This is where the
water permeance and the water—salt selectivity make the trade—off behavior in most polymer
membranes [30]. While the PA membranes used in FO are suitable for desalination where
monovalent ions are present, their use in other applications where the processes do not in-
volve the separation of monovalent ions is underestimated. With increased water permeance
and compromised rejection of monovalent ions, semi—aromatic polyamide (SAPA) membranes
produced from piperazine and trimesoyl chloride via interfacial polymerization can be a better
alternative for FO processes with multivalent salts as a draw solution. SAPA membranes are
widely known for their use in nanofiltration (NF) applications with almost complete rejection
of divalent anions [31]. SAPA membranes exhibited superior hydrophilicity, pure water perme-
ability, and low surface roughness [32, 33]. In addition, compared to the PA, SAPA membranes
are more resistant to chlorine—based membrane cleaning agents [34]. We were keen to un-
derstand the effectiveness of SAPA membranes in FO with Na,SO, as a draw solution, where
the processes do not involve the separation of monovalent ions and the SAPA membrane is
completely impermeable to NaySO, avoiding the reverse salt flux. This needs highly selective
SAPA membranes with NaySOy rejection >99.9%, and recent development of such membranes

has opened the avenue to explore them to check their practicability in FO processes [31]. Indeed,
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SAPA FO membranes won’t be applicable for the separation of NaCl involved in processing
drinking water; many industrial separation processes would be benefited where the separation
of multivalent ions from the complex feed is needed.

Additionally, regeneration of the draw solution can be done at relatively low pressure with
SAPA NF membranes with almost complete rejection of NaySO4 and high selectivity between
monovalent and divalent ions [31] to run the FO continuously. Many other recent develop-
ments of SAPA membranes have attracted colossal attention to producing high-specification
NF membranes with high water permeance and Na;SO, rejection, including interlayers between
the active layer and the porous substrate [35-37], modifying the kinetics of polymerization with
polymer [38] and surfactant [31], and incorporating porous structures in the selective layer
[39, 40]. Thus, there would be an enormous opportunity to design new SAPA membranes for
FO processes. Notably, in textile wastewater processing, where large quantities of monovalent
and divalent salts are present with small organic dyes, NF membranes are widely used [41].
However, SAPA FO membranes could be a viable solution to avoid fouling in the presence of
color molecules. We hypothesized that a highly crosslinked ultrathin SAPA membrane with an
extremely high selectivity towards Nay;SO,4 could be used as an FO membrane in combination
with the Nay,SO, draw solution.

The present study is organized as follows. Simulation method section presents the devel-
opment of an atomistic model for a cross—linked semi—aromatic polyamide membrane via a
heuristic approach, non—equilibrium classical molecular dynamics simulation procedure for a
forward osmosis process (which includes the preparation of draw solution and feed solution).
Results section presents the data on water dynamics (via orientation and pathways inside the
membrane), pore size distribution of the membrane, water permeance and permeability, re-
verse draw solute flux, transport of monovalent or divalent ions and the applicability of SAPA

membrane in treating the textile feeds.

3.2 Methodology

3.2.1 Membrane Model

All—atom, explicit water molecular dynamics simulations were carried out to characterize the

membrane and its performance in the FO process. We used
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Figure 3.1: (a) Hydrolysed TMC (TMO) (b) Piperazine (PIP) (¢) Amide linkage between TMO
and PIP (d) Initial configuration prior to polymerization (color code: blue for PIP, orange for
TMO) (e) RDF between the carbon atom of a carboxylic acid group (—COOH) of TMO and

the amide group (—NH) nitrogen atom of piperazine after annealing in an NVT ensemble.

CHARMM36m [42] force field parameters to compute interactions between atoms using NAMD
[43]. In the current study, the membrane to be simulated is prepared via a heuristic approach,
where crosslinking of the monomers happens based on distance criteria. Initially, 1200 hy-
drolyzed trimesoyl chloride (TMO) and 1200 piperazine (PIP) monomers (3D chemical struc-
tures are shown in Figure 3.1(a, b) were placed randomly in a computational box of 80 A x
80 A x 80 A using Packmol[44] (see Figure 3.1d), which is then equilibrated in NPT ensemble
at 300K and 1 atm pressure for 10 ns. After that, the system is subjected to annealing in an
NVT ensemble, where the temperature is gradually increased from 300 K to 1100 K before
being cooled back to 300 K with intervals of 50 K. The maximum distance considered for the
crosslinking between two reacting monomers is chosen by the first minima of the radial dis-
tribution function (RDF) between the carbon atom of a carboxylic acid group (—COOH) of
TMO and the amide group (—NH) nitrogen atom of piperazine, which is found to be 4.2 A

(see Figure 3.1e¢). An amide bond will form between the monomer’s reaction sites (N and C,
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Figure 3.2: CHARMM36m general force field was used for PIP, TMO and amide linkage.
Cgenlff server is used to obtain the CHARMM compatable force field parameters for monomers
and amide linkage. The partial charges of individual monomer atoms that will change after
cross—linking (see top panel) and amide—linkage with neighboring atoms (see bottom panel)

are shown here.

shown in Figure 3.1c) if the distance between them is less than the distance criteria. During
the formation of the amide bond, the hydrogen atom of —NH and a hydroxyl group (OH) of
—COOH (which were involved in amide—linkage) are removed, and the simulation is continued
in the search of new amide bonds that can be formed for every 10 ps of simulation time. The
partial charges will be revised for amide—linkage and its neighboring atoms. The schematic
structures of monomers and the amide linkage are shown in Figure 3.2 (partial charges were

displayed near to the atoms). Please note that Figure 3.2 shows the partial charges only for
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Figure 3.3: The simulation setup consists of Nay;SO, draw solution, hydrated SAPA membrane,
and pure water as feed solution. There is 30 A of empty space present at both ends of graphene

pistons.

a few atoms. Every atom has its unique partial charge in the present simulation. In addition
to the partial charges, the bonds, angles, dihedrals, and impropers will be updated after the
amide linkage is formed. After each crosslinking step, energy minimization and equilibration
are performed. As the simulation progresses, the crosslinked clusters grow, limiting monomer
diffusion and slowing the cross—linking process. Initially, bond formation is only permitted if
the distance between C1/C2/C3 of TMO and N1/N2 of piperazine (see Figure 3.1(a, b)) is less
than 3 A. As the simulation progressed, the crosslinking distance was eased to 4.2 A with a

step of 0.2 A to accelerate the crosslinking process.

Finally, the membrane’s unreacted monomers were removed, and the resultant structure of
the membrane was minimized for 10000 steps and equilibrated for 10 ns in the NPT ensemble
(300 K, 1 atm). In the end, the equilibrated membrane has a thickness of 78.27 A in X,
Y, and Z directions with a density of 0.96 g cm~3, which is less than the reported value in
literature for simulated fully aromatic PA membrane [45]. It should be noted that the number
of unreacted TMO and PIP units in the membrane out of 1200 are 162 and 61, respectively.
Our simulated membrane has higher PIP units with 539 unreacted functional groups (—NH)
out of 2278 and TMO units with 1375 unreacted —COOH groups out of 3114 total functional
groups. It is reported that, when the PIP concentration is low, compared to TMO, the nanofilm
has a smooth appearance, while when it’s high, it has a crumpled, striped Turing structure [46].

The degree of crosslinking (DC) is calculated by modifying the equation given in the literature
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[31, 47] and shown in egn. 3.1.

100NN

DC =
Ny + Ncoon + Nnu

(3.1)

where Ny is number of nitrogen atoms in amide—linkage, Nooog is number of unreacted
—COOH groups and Nyp is number of unreacted —NH groups in the membrane. From an ex-
perimental point of view, based on the elemental composition analysis, if the ratio of oxygen to
nitrogen (O/N) equals one, it can be inferred that the membrane is fully cross—linked [48], pro-
vided every —COOH group in TMO is bonded to the —NH group of PIP. However, determining
the unreacted amine content through experiments can be challenging. That means the degree
of cross—linking can be overestimated /underestimated when using the O/N ratio to know the
DC. The elemental composition (O/N ratio of amide—linkage) and degree of crosslinking (DC)
was measured for the simulated membrane and found to be 1 and 47.6%, respectively. The
equilibrated dry membrane serves as the initial configuration for the subsequent steps involved

in the FO process.

3.2.2 FO Simulation System

The prepared semi—aromatic membrane is submerged in an equilibrated water box (with cell
dimensions of 89.8 4 x 89.8 A x 90 A in X, Y, and Z directions) using Visual Molecular
Dynamics (VMD) [49]. The system is equilibrated for 10 ns in an NPT ensemble (300 K
and latm). The equilibrated hydrated membrane’s size after equilibration has reached 89.8
A x 89.8 A x 100.5 A in X, Y, and Z directions, respectively. The calculated density of the
equilibrated hydrated membrane is 1.12 g cm ™2, which is consistent with the reported value
for a semi—aromatic membrane in literature [46] and less than the hydrated fully aromatic
membrane[45, 50]. The equilibrated hydrated membrane is used in the FO process. The
simulated FO system consists of three chambers, a feed solution chamber above and a draw
solution chamber below the hydrated membrane chamber. Pure water is used as a feed solution,
and a water box is created using VMD [49] with cell dimensions of 89.8 A4 x 89.8 A x 90 A in
X, Y, and Z directions. The TIP3P water model [51] is adopted to model water molecules in
our simulations. However, there are other water models, such as the 4-site and 5-site models,
available in the literature (refer Table 3.1 for force field parameters). The NaySO, solution
with 1.5 M concentration was prepared by introducing 506 Na* ions and 253 SO, 2 ions into

a water box of 89.8 A x 89.8 A x 90 A, used as a draw solution (refer Table 3.2 for force field
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parameters). The feed and draw solutions are minimized for 10000 steps and equilibrated for

10 ns in the NPT ensemble (300 K, 1 atm) separately.

Table 3.1: Water model parameters

r /(HOH o € m r
Water Model OH 00 00 qo an q OM

(A) ) (A) (kcalmol™) (e) (e) (e) (A)
TIP3P [52] 0.9572 104.52 3.1506 0.152 -0.834 0.417 - -
TIP4P [51] 0.9572 104.52 3.1540 0.155 - 0.52 -1.04 0.15
TIP5P [53] 0.9572 104.52 3.12 0.16 - 0.241 -0.241 0.70

roy indicates the bond length of OH, ZHOH represents the H-O-H angle, oo represents the LJ o of OO

(i.e., o is the distance at which the LJ potential between two atoms is zero), epo represents the LJ e of OO

(i.e., € is the well depth at the distance of minimum energy), qo represents the charge on oxygen atom, gy
represents the charge on hydrogen atom, q,, represents the massless point M assosiated with the oxygen atom

charge, rops represents the bond length of OM.

Table 3.2: Ton force field parameters

Atoms o i do g

(A)  (kcal mol™!) (e) ®)

Na™ [42, 54] 2.8215 0.0469 1 -

S [42, 54] 4.2 0.47 0.268 -

O [42, 54] 3.4 0.12 0567 -
/0SO [42, 54] - . 10947

Equilibrated feed solution, hydrated membrane, and draw solutions are merged to create
the FO system using TopoTools [49] package. Graphene sheets are generated with VMD [49]
and used as pistons in FO simulation setup as shown in Figure 3.3. The simulation system
is minimized for 10000 steps and then equilibrated for 1 ns at 300 K temperature and 1 atm
pressure. The pressure of 1 atm is applied on both ends of graphene sheets for an equilibrated
FO system and simulated for 30 ns in the NVT ensemble at a temperature of 300 K. It should
be noted that all equilibrium simulations were performed in the NPT ensemble, and production

simulations were performed in NVT ensemble. Lennard—Jones potential is used to compute the
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van der Waals interactions between the atoms with a cutoff distance of 12 A and a switching
distance of 10 A. Electrostatic interactions are computed by Particle Mesh Ewald (PME)
method [55] with a grid spacing of 1 A. Pressure and temperature of the system are controlled
by modified Nose—Hoover [56] coupled with Langevin dynamics [57]. The Langevin damping

lis used, and the equations of motion are integrated with the velocity Verlet

coefficient of 1 ps™
algorithm [43]. The total time for the FO simulation was 30 ns, with a time step of 1 fs, and the
trajectories were saved for every 20 ps. During the production simulations, 3% of the membrane
atoms were fixed in a simulation system, compared to techniques used in previous studies, where
many atoms of the membrane [58] or the entire membrane is fixed [59], limiting the membrane’s
ability to respond to flow conditions. Because of the compression of the membrane that occurs
when it is subjected to operating pressures, fixing a relatively low number of membrane atoms
may have a slight effect on the macroscale water flux [60]. Despite this, it does not affect the
transport processes that operate on the Angstrom—scale within the structure of the molecular
membrane. Furthermore, the process of fixing certain atoms in a polymer can be thought of as
being analogous to the TFC NF membrane. In the TFC NF membrane, a porous polysulfone
(PSF) typically supports the NF film. Periodic boundary conditions (PBC) are applied along
the X, Y, and Z dimensions for the simulations of FO processes. The vacuum of 30 A is applied
along the Z dimension at both ends of the graphene pistons. Three independent simulations
were performed, and the results presented in this manuscript are averaged over these three
runs. It is important to note that the PSF support layer was not explicitly considered in our

simulation study.

3.3 Results and Discussion

3.3.1 Semi—aromatic Membrane Structure

Structural properties of semi—aromatic polyamide membrane are investigated via the density
profiles of atoms along the membrane’s normal direction, pore size distribution (PSD), and
the benzene ring’s order parameter. The density profile of atoms (water, ions, and membrane
atoms) is shown in Figure 3.4a. It is observed that the interface of the feed solution/membrane
(-15 A < Z < 0 A) and draw solution/membrane (80 A < Z < 95 A) has a thickness of 15

A. The densities of membrane and water molecules inside the bulk membrane (0 A < Z <
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Figure 3.4: (a) Density profiles of water, membrane atoms, NaySO,, and the whole system
(dashed line represents the interfacial regions between draw solution/membrane, feed solu-
tion/membrane). (b) PSD of the membrane after FO process (c) Free volume of the membrane
after the FO process (color code: blue indicates free volume < 4 A and red indicates free volume
> 4 ;1) (d) Membrane’s free volume morphology after the FO process, where the blue color
indicates free volume accessible to water, and the grey color represents the occupied volume of

the membrane.

72
TH-3659_196107005



3.3. Results and Discussion

S(r)

0.2F

Figure 3.5: (a) Benzene rings order parameter S(r) (b) Arrangement of benzene rings in the

membrane

80 A) are 0.635 + 0.001 g cm~3 and 0.547 & 0.008 g cm~>, respectively. The reported fully
aromatic membrane’s interior density for water and membrane atoms are 0.251 & 0.029 g cm ™3
and 1.076 4= 0.049 g cm 3 [45]. The water density in the SAPA membrane’s interior is higher,
and the density of membrane atoms is lower than the reported value in the literature for PA
membrane [45]. The water uptake of the bulk membrane is found to be 49.3% by weight, which
is higher than the experimental and simulated value reported for fully aromatic PA [45, 61, 62].
It is reported that piperazine—based membranes have maximum water uptake of ~350% [31].
Strong hydrogen bonds between water and amide groups increase the water uptake of the SAPA
membrane [31]. The density profiles of NaySO, salt ions suggest that very few Na™ ions can

reach the interface region and try to enter the membrane’s interior. In contrast, the membrane

is impermeable to SO, 2 ions.

To investigate the effect of the SAPA membrane’s structure on water transport, we calcu-
lated the membrane pore structure, which can be analyzed at the molecular level in terms of
water—accessible space or free volume. Free volume size inside a membrane can play a role
in the selectivity and hence decide the suitability of a particular separation application. The

nature of the monomers and the extent of cross—linking of the monomers will determine the
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pore structure inside a membrane. The Monte Carlo method [63] was used to analyze free
volume sizes in the membrane (In this method, we used a spherical probe of 1 A in radius).
The PSD of the membrane after the FO process is shown in Figure 3.4b. Before calculating
the PSD of the FO membrane, water and salt ions present in the membrane are removed. The
PSD is computed in the membrane’s interior (0 A < Z < 80 A). The results show that pores
within the membrane have radii ranging from 1.25 A to 7 A and the majority of the pores have
radii between 3 A to 6 A (see Figure 3.4b). Figure 3.4c displays the water molecule accessible
regions of the membrane’s free volume. Here for the membrane, the blue color represents the
free volume sizes smaller than 4 A, and the red color indicates the free volume sizes greater
than 4 A in radius. Figure 3.4c was created in MATLAB [64] using the Monte Carlo PSD data.
In this study, we have also computed the free volume morphology of the membrane using the
Materials Studio [65], and a water molecule is used as a probe. Figure 3.4d shows the free
volume morphology in the membrane, where the blue color indicates free volume accessible
to water, and the grey color represents the occupied volume of the membrane [66]. It is also
observed that pores can have radii ranging from 0.5 to 5.2 A in fully aromatic PA [45]. The
higher PIP units (i.e., PIP concentration) in the SAPA membrane cause the formation of large
aggregate pores [31]. However, the large scattered cavities which are not interconnected may
not facilitate water transport but can take up water resulting in localized water clusters [67].
Therefore water permeation is restricted to smaller pores, possibly favoring a single—file water
flow [68]. The diameter of ions attempting to permeate the membrane pore determines the
selectivity of pores inside the membrane. The effective radius of ions can be determined using
the water molecule’s hydration shell radius and the associated energy. The hydrogen bonding
energy of water molecules is -23.3 kJ/mol [69], where the water clusters are flexible. In this
instance, water may flow through the 2 A radius pore; however, monovalent and divalent ions
cannot (only through a 2 A radius pore) because their hydration radius is greater than the pore
radius [70].

Additionally, the membrane’s local structure is characterized using benzene ring’s order
parameter S(r) [45], which provide insights into the interactions between benzene rings of TMO

(hydrolyzed TMC) units (refer eqn. 3.2):

S(r) = <3Cos (92(7‘)) — 1> (32)

0(r) in Eq.2 represents the angle between normal vectors of benzene rings at a radial distance
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of r. Figure 3.5a shows the order parameter of the semi—aromatic membrane. In the S(r)
profile, S = 0 corresponds to the random structure, and S = 1 signifies the arrangement of
benzene rings in the membrane (see figure 3.5b). A sharp peak appeared at r = 3.1 A on the
S(r) profile, which confirms 7 - 7 stacking in the membrane. The interactions become less
prominent and decay to zero at r = 6.4 A. In contrast to fully aromatic PA, no ” T-shaped”
[45] stacking observed in the SAPA membrane. To the best of our knowledge, there is currently

no experimental data available for the SAPA membrane benzene ring’s order parameter.

3.3.2 Water Structure and Dynamics

The likelihood of locating an atom in a spherical shell around a given atom can be computed
with the pair distribution function or radial distribution function (RDF). For example, the

RDF of oxygen atoms of water molecules and atom i can be expressed as (refer eqn. 3.3)[71]:

_ ro(r)
Po

gio(r) (3.3)

where po(r) is the local density of oxygen atoms at a distance r, to the density of water oxygen
atoms in simulation system, po. Water structure is characterized by computing the RDF of
water atoms in the membrane’s interior (0 A < Z < 80 A). The hydration peak is observed at
2.75 A (see Figure 3.6a). The coordination number (N.) is calculated by integrating RDF at
the cutoff distance of 3.25 A. The coordination number of water in the membrane’s interior is
3.5 (see Figure 3.6b), while it is 2.4 for a fully aromatic system [45]. However, the coordination
number for pure water in the feed solution is 4.4. A decrease in N. in the membrane’s interior
suggests a decrease in hydrogen bonds per water molecule (see Figure 3.6¢). We consider that a
hydrogen bond will be formed between the donor (D) and acceptor (A) atoms with D—A cutoff
distance of 3 A, and a D—H—A cutoff angle of 20° [72-74]. The average number of hydrogen
bonds between water molecules along the ”Z” direction was computed and shown in Figure 3.6¢.
It has been observed that there is a decrease in hydrogen bonds in the membrane’s interior (see
Figure 3.6¢). To quantify the decrease in the number of hydrogen bonds per water molecule,
we plotted RDF (see figure 3.6d) between hydrogen and oxygen atoms of water molecules in
the feed solution and the membrane’s interior. The RDF's reveal the first minimum at r = 2.45
A, indicating the possible formation of hydrogen bonds (HB) with neighboring water molecules
[75]. However, the peak intensity in the membrane’s interior is higher than the feed solution

due to the excluded volume effect [75, 76]. Based on the coordination number, we found that
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Figure 3.6: (a) RDF between water oxygen atoms in the membrane (b) Water coordination
number at cutoff distance of 3.25 A in the membrane (c) Average number of hydrogen bonds
along Z—direction (dotted lines represent the interface between the feed solution/membrane and
draw solution/membrane) (d) RDF between hydrogen and oxygen atoms of water molecules
in pure water (i.e., bulk water) and inside the SAPA membrane (i.e., membrane’s interior) (e)
RDF between water oxygen atoms and membrane atoms: r = 2 A corresponds to hydrogen
atoms in —COOH and —NH groups; r = 2.9 A corresponds to nonpolar hydrogen atoms of
PIP and TMO; r = 3.8 A corresponds to carbon atoms of PIP and TMO (f) RDF between
water hydrogen atoms and membrane atoms: r = 1.9 A corresponds to the oxygen atoms in
amide—linkage and nitrogen atoms in PIP (=NH); r = 5 A for the amide—linkage nitrogen
atoms (g) Number density of the unreacted functional groups of the membrane and water

orientation in Z—direction
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the number of oxygen atoms (OW) around the hydrogen atoms (HW) of water molecules in the
feed solution (bulk water) was 0.9, while the number of HW around OW of water molecules
was 1.9, resulting in 3.8 HB per water molecule in the feed solution. Our results agree with
the reported value in the literature for pure water (i.e., 3.8) [75]. Similarly, we determined the
number of OW around HW in the membrane interior (i.e., 0.8) and the number of HW around
OW of water molecules (i.e., 1.7). As a result, each water molecule inside the membrane forms
3.4 HB. Additionally, water can form hydrogen bonds with the membrane oxygen atoms and
hydrogen atoms of free carboxylic groups (i.e., —COOH). We found that each water molecule
forms 0.5 HB with a membrane. So the water molecule forms a total of 3.9 HB inside the
membrane. The number of hydrogen bonds per water molecule inside the membrane is higher
when compared with the value reported for a fully aromatic membrane (i.e., 2.8 HB) [75]. RDFs
have been examined to understand the interaction between water and membrane atoms. Figure
3.6(e, f) shows that water molecules are more likely to cluster around polar groups than the
nonpolar benzene groups. Peak representations in RDFs depict the interaction of membrane
atoms with water. In Figure 3.6e, peak 1 at r = 2 A corresponds to the hydrogen atom of
polar groups (—COOH, —NH), at r = 2.9 A peak 2 corresponds to PIP and TMO (benzene
ring’s) hydrogen atoms and at r = 3.8 A is for carbon atoms of TMO (benzene ring’s) and PIP
units. Similarly, peak 1 in RDF of hydrogen atoms of water and SAPA atoms (see Figure 3.6f)
corresponds to oxygen atoms of amide—linkage, and peak 2 corresponds to the amide—linkage

nitrogen atoms in the membrane.

Additionally, assessing the dipole moments of the water molecules within the membrane will
provide insights into the water transport mechanism. It is observed that the unreacted func-
tional groups in the membrane significantly affect water transport behavior [77]. This behavior
is quantified via the dipole moment. For convenience, we have quantified the water molecule’s
orientation in terms of angle distribution in the Z direction (i.e., membrane thickness) using
a dipole vector. The interaction between the unreacted functional groups of the membrane
(—COOH and —NH) and water molecules in a semi—aromatic membrane helps to understand
the water transport mechanism. Figure 3.6g depicts the distribution of the membrane’s un-
reacted functional groups and the orientation of water molecules in a simulated system. For
simplicity, # represents the angle between the water dipole vector and the negative Z—direction
of the simulation system. In the feed solution (i.e., pure water, Z < 95 121), it has been observed

that the angle fluctuates around 90°. This would imply that the water molecules in the feed
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solution do not have a preferred orientation in any direction. On the other hand, the angle
displays a substantial fluctuation near (80 A < Z < 95 A) and within the membrane (0 A < Z <
80 A) around 90°. The profile of unreacted functional groups exhibits an apparent fluctuation
across the membrane, with a trend comparable to the water orientation profile. It suggests

that the unreacted functional groups of a membrane significantly affect water mobility.

3.3.3 Water Permeance

Table 3.3: Permeability comparison with experimentally reported results for PIP/TMC TFC

membrane
SL No NP Permeace Thickness Permeability (x 107)
Lm 2hr~'bar! nm Lm 'hr~'bar™!
1 Present work 356 11 39.16
2 Sarkaret al. [31] 57.1 7 3.99
3 Liang et al. [78] 17.1 20 3.42
4 Peng et al. [79] 31 20.3 6.29
5 Mei et al. [80] 21.8 21.7 4.73
6 Xiong et al. [81] 18.9 22 4.16
7 Subrahmanya et al. [82] 15 56 8.40
8 Qiu et al. [83] 22.3 78.1 17.42
9 Wang et al. [84] 53.5 145 77.56

The membrane’s permeability is calculated based on the number of water molecules that
permeated the membrane in a simulated time due to osmotic pressure gradient. The differ-
ence in the osmotic pressures of pure water and NaySO,4 solution drives the water permeation
through the membrane. The water permeability achieved in our simulations is 39.16 4+ 1.98
x 1077 Lm~'hr~'bar~!, which is several times higher than the experimentally reported value
for a piperazine—based membrane in NF mode [31]. Figure 3.7a depicts the total number of

water molecules (N4) present in both the feed and draw solutions. As a result of the osmotic
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Figure 3.7: (a) The average number of water molecules present in feed and draw solutions in a
simulation time (t = 30 ns) (b) The pathways of water molecules in the Z—direction, where the left
side represents pathways without a membrane, while the right side depicts pathways with a membrane
(c) The trajectories of five water molecules are represented in a 2D XZ plane (d) The trajectories of
five water molecules are represented in a 2D YZ plane (e) The trajectory of single water molecule
and membrane functional groups present within a 5 A radius along the trajectory is represented in
a 2D XZ plane (f) The trajectory of single water molecule and membrane functional groups present
within a 5 A radius along the trajectory is represented in a 2D YZ plane; note: all dotted lines in c,
d, e, f indicate the interfacial regions between feed solution/membrane and draw solution/membrane
(g) Schematic representation of the functional group atoms in the membrane (h) RDF between water

oxygen atoms and membrane functional group atoms
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pressure difference, 396 water molecules permeated the SAPA membrane from the feed solution
to the draw solution. Random thermal movements of the molecules in the system and collisions
between the molecules and membrane atoms could cause fluctuations in the water molecule’s
profile. As the simulation progress, the water molecule’s permeation through the membrane
reduces due to the dilution of the draw solution concentration. The comparison between the
present simulation work with experimental reports is shown in Table 3.3, revealing that the
simulated membrane exhibits higher permeability. It is worth mentioning that the membranes
reported in the literature (refer to Table 3.3) are PIP/TMC polymerized membranes specifi-
cally employed in nanofiltration processes to separate multivalent salt ions, such as NaySQOy.
In addition, the simulated SAPA FO membrane exhibits high permeability compared to a fully
aromatic polyamide membrane. Tomohisa Yoshioka et al. [47] prepared a 30 A thick, fully
aromatic PA membrane and used it in the FO process with NaCl (i.e., osmotic pressure differ-
ence ~ 83 atm) as the draw solution. The reported water permeability is 0.45 - 0.75 x 1077
Lm~'hr~'bar~! [47]. Based on the comparisons made in the Table 3.3, SAPA membrane shows

promise as a favorable candidate for FO process in the context of textile wastewater treatment.

To understand the membrane’s water transport mechanism, individual molecules’ pathways
(trajectories) are presented. The benefit of non—equilibrium molecular dynamics (NEMD) sim-
ulations is that we can understand the transport at the molecular level by following individual
water molecules as they move across the membrane. Even though many water molecules perme-
ated the membrane, for the sake of clarity, we only depicted 20 water molecules in Figure 3.7b,
where the left side illustrates the pathways of water molecules without a membrane, and the
right side shows the same with a membrane. For a better understanding, five water molecules’
trajectories are picked from Figure 3.7b and represented in a 2D plot on XZ and YZ planes (see
Figure 3.7(c, d)). Each water molecule begins from the feed solution (Z > 95 A) and enters into
the membrane’s interfacial region (80 A < Z < 95 A), then moves across its dense region (0 A
< 7 < 80 A) and traverses towards draw solution. Figure 3.7(c, d) shows that water molecules
in pure water initially follow a random path, Brownian motion, as it collides with neighboring
water molecules. The molecules approach the interfacial region of the membrane several times
before reaching the bulk portion of the membrane. Once a molecule enters the bulk membrane,
it travels rapidly in some parts and appears trapped in the other areas of the membrane. For
example, if you consider a water molecule (magenta color line segment between 70 A - 80 121) in

Figure 3.7(c, d) becomes trapped in a pore, following a random path and occupying the pore
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as it bumps into other water molecules and polymeric chains of the membrane. The membrane
molecules surrounding the pore keep it from getting out. It appears that the diameter of this
pore is around 10 A. The water molecule then quickly jumps to another pore that has a length
of 40 A (30 A - 70 A), and later it hops into another pore with a length of 30 A (0 A - 30
104). It is observed that the water molecule is again trapped for quite some time and eventually
passes through the interfacial region (-15 A<7Z<0 ;1), exits the membrane through this pore,
and then goes to the draw solution on the left side of the membrane. Similarly, Figure 3.7(c,
d) shows the path followed by other water molecules. The fast water pathways are mostly
found around a low degree of cross—linking of the membrane (i.e., &~ 42%), which is lower than
the overall value of 47.60%. For the sake of comparison, the degree of cross—linking of fully
aromatic RO membrane is around 70% [45]. The degree of network crosslinking is known to
be linked with the mechanical strength of the SAPA film [31, 48]. It is also a basic property of
the separation layer of a membrane where a higher degree of crosslinking provides higher ion
selectivity but negatively impacts its water permeance. Thus to achieve high ion selectivity
in SAPA based FO membrane, it needs a higher degree of crosslinking. However, we showed
in this manuscript that =~ 47% of crosslinking is good to achieve an excellent ion separation
compared to a ~ 70% crosslinking for PA membrane used for desalination via reverse osmosis
where high hydraulic stability is needed. Further, the ion rejection details will be discussed
in the reverse draw solute flux section. The pores along the trajectories are interconnected,
resulting in a smaller membrane tortuosity and allowing water to move through it quickly. We
have also computed the role of the functional groups of the membrane in water transport along
the water molecule trajectory by calculating the positions of reacted and unreacted functional
groups within 5 A of a water molecule. Figure 3.7(e, f) shows that the unreacted —COOH group
facilitates the transport of water molecules along the Z—direction more than the other reacted
and unreacted functional groups. RDFs were also studied to quantify interactions between
water and membrane functional groups. The schematic representation of the functional groups
in the membrane is presented in Figure 3.7g, and Figure 3.7h displays their RDFs. A peak in
RDF of gow_n2 (r) is located at 4.8 A, suggesting significant water aggregation surrounding
the amino groups. It shows that the amino groups and water have a strong interaction. The
RDFs of gow_n1 (1), gow—-01 (r), and gow_o2 (r) have initial peaks located at 2.75, 2.79, and
2.8 A, respectively, implying attraction between membrane functional group atoms and water

molecules. Click here to see pathways movie. Even though 3% of the membrane atoms are fixed
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during the production simulations to prevent them from translating, significant movement in
the membrane atoms is observed as water molecules interact with membrane polymer chains.

It is known that the membrane structure significantly affects the water trajectories [85].

3.3.4 Reverse Draw Solute Flux

In FO process, there is a possibility that draw solute can diffuse through the membrane towards
a feed solution. Reverse draw solute flux is one of the performance metrics of FO membranes.
Typically, the salt rejection can be calculated based on the number of ions permeating through
the membrane:

Gy

Rejection(%) = (1 — E) x 100 (3.4)

where C, is the number of ions permeated the membrane at time t = t, and C; is the number
of ions in the draw solution at time t = 0. In our simulation study, we observed the excellent
NaySO, salt rejection by the SAPA membrane (which could be due to the high concentration
of —COOH at the interface between the draw solution and membrane (see Figure 3.8a). Our
observations are in agreement with a recent experimental study of the NF process using sub—>5
nm SAPA nanofilm prepared via interfacial polymerization of PIP with TMC [31]. Figure 3.8b,
3.8c depicts the RDF's of NaySO, ions with water. The sharp peak in Figure 3.8b indicates the
presence of higher water molecules in the first hydration shell of the ions. The first maximum of
the RDF between Nat and hydrogen atoms of a water molecule has appeared at r = 3.45 A (see
Figure 3.8c), which is close to the reported solvation shell radius (i.e., 3.58 A). Electrostatic
interaction energies between the functional group atoms of the SAPA membrane and the salt
ions are shown in Figure 3.8d. The higher amount of PIP units makes the membrane partially
positive at the interface region [31] and repels the Na™ ions, and the high amount of —COOH

units repel the SO, ? ions.

3.3.5 Sulphate Salt versus Chloride Salt

Equilibrium molecular dynamic simulations were performed to investigate the diffusive behavior
of water molecules and mono/divalent ions within the SAPA membrane. Figure 3.9a displays
the equilibrated hydrated membrane. Two different systems were created by inserting 20 NaCl
and 10 NaySO, salt ions inside the equilibrated hydrated membrane separately, as shown in

Figure 3.9(b, c). Initially, these two systems were energy minimized and then equilibrated in
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Figure 3.8: (a) The number density of unreacted functional groups in the membrane
(dashed lines represent the interfacial regions between feed solution/membrane and draw so-
lution/membrane) (b) RDF between water oxygen atoms and NaySOy ions (¢) RDF between
water hydrogen atoms and NaySO, ions (d) The electrostatic interaction energies of NaySO,

ions with membrane functional group atoms.
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Figure 3.9: (a) Equilibrated hydrated membrane (b) Equilibrated hydrated membrane with Na® and SOZ2 ions (c) Equilibrated
hydrated membrane with Nat and Cl~ ions (d) The pathways of water molecules in the Z—direction (e) The pathways of NaT
ions from NagSOy in the Z—direction (f) The pathways of SOZ2 ions from NagSOy4 in the Z—direction (g) The pathways of Nat
ions from NaCl in the Z—direction (h) The pathways of C1~ ions from NaCl in the Z—direction (i) The trajectories of NaT ions
from NaySOy represented in a 2D XZ plane (j) The trajectories of Nat ions from NapSO4 represented in a 2D YZ plane (k) The
trajectories of SOZ2 ions from NapSOy4 represented in a 2D XZ plane (1) The trajectories of SOZ2 ions from NagSOy4 represented in
a 2D YZ plane; note: all dashed lines in i, j, k, 1 represent the membrane region (-15 A<7Z<95 A) (m) The trajectory of a single
Na' ion from NasSO4 and the membrane functional groups present within a 5 A radius along the trajectory is represented in a 2D
XZ plane (n) The trajectory of a single Nat ion from NasSO4 and the membrane functional groups present within a 5 A radius
along the trajectory is represented in a 2D YZ plane (o) The trajectory of a single SOZ2 ion from NasSO4 and the membrane
functional groups present within a 5 A radius along the trajectory is represented in a 2D XZ plane (p) The trajectory of a single
SOZ2 ion from NaSO,4 and the membrane functional groups present within a 5 A radius along the trajectory is represented in a

2D YZ plane
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85

TH-3659_196107005



Chapter 3. SAPA Membranes in FO process

an NPT ensemble for 5 ns at room temperature and pressure (300K, 1 atm). The production
simulations were performed in the NVT ensemble for 60 ns at 300K temperature with a time
step of 1 fs. Figure 3.9(d, e, f, g, h) shows the pathways of seven water molecules, sulphate salt
ions, and chloride salt ions. The pathways of NaCl ions imply that chloride salt ions diffuse
more rapidly and in the same fashion (see Figure 3.9(g, h)) as water molecules (see Figure 3.9d).
The pathways of NaySOy (see Figure 3.9(e, f)) ions demonstrate that sulphate salt ions appear
confined in some regions of the membrane. However, for better understanding, trajectories of
sulphate salt ions are shown in a 2D plot (see Figure 3.9(i, j, k,1)). Figure 3.9(i, j) depicts the
2D trajectories of Na*t ions of NaySOy. It is observed that Na™ ions are diffusing to some extent
and are not permeating the entire membrane, whereas SO, ? ions appear to be trapped (see
Figure 3.9(k, 1)). The effect of membrane functional groups on the trajectories of sulphate salt
ions was investigated by following the trajectory of a single ion and membrane functional groups
within 5 A of the trajectory (see Figure 3.9(m, n, o, p)). From figure 3.9(m,n), it is evident
that Na* ions interact more with unreacted —COOH and —NH groups; in contrast, SO;? ions
are confined by —COOH groups (see Figure 3.9(o, p)). The RDF profile of NaySO, further
demonstrates its affinity towards the membrane functional group atoms. Sharp peaks at r = 2.5
A indicate that Nat ions exhibit an affinity towards amide—linkage oxygen atoms and unreacted
nitrogen atoms of —NH groups (see Figure 3.10a). Figure 3.10b depicts the interaction between
SO, ? ions and the oxygen atoms in —COOH groups. Electrostatic interaction energies were
computed for sulphate salt ions with membrane functional group atoms. Figure 3.10c shows
that Na™ ions exhibit a higher affinity toward the membrane functional group atoms than
the SO;? ions. In addition, we have computed the trajectories of chloride salt and reported
in figure 3.10(d, e, f, g). Figure 3.10(h, i, j, k) represents the single chloride salt trajectory
and membrane functional groups within 5 A along the trajectory. It is observed that chloride
salt trajectories follow the same fashion as water molecule’s trajectories by interacting with
the functional groups of the membrane. RDF profile (see Figure 3.10(1, m)) and interaction
energies (see Figure 3.10n) follow the same trend as the sulphate salt.

Membrane techniques can be used to treat dye efHuents of wastewater from textile indus-
tries. Dye effluents have high COD, salt content (e.g., Na;SO, and NaCl), and rich color. The
combination of monovalent (e.g., NaCl) and divalent (e.g., NaySQOy) salts in the dyeing process
form ”dye/dual—salts” in an aqueous solution, leading to problems in post—treatment opera-

tion [41]. Even though diffusion time scales are much less compared to real—time experiments,
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however, from the trajectories and the distance traveled by both salt ions inside the mem-
brane, it is found that chloride salt ions were able to travel faster and have longer pathways (or
trajectories) than sulphate salt ions leading to high sulphate salt rejection. Additionally, the
mobility of ions is restricted by surrounding water molecules in the hydrated shell. The average
number of water molecules in the first hydration shell of Na* and SO;? ions within the SAPA
membrane are 5 and 11.5, respectively. Moreover, the desolvation energy of hydrated Na™ ion
is 365 kJ mol™! [86], which is highly impossible to stripping waters off to permeate through
membrane pores due to water clusters around the ions are tight and restrict the mobility of
ions. Similarly, SO, ? ions also get solvated and are unable to permeate through the membrane
since the hydration energy of sulphate ion is higher than Na™ (i.e., 1080 kJ mol~! [86]). This
suggests that sulphate salt can be separated from the mixed feed of the textile industry wastew-
ater. Furthermore, the EMD simulation results presented in this study offer valuable insights
to experimentalists seeking to design membranes with a high selectivity towards sulphate salt.
Intuitively, one might anticipate that monovalent salts diffuse more rapidly than divalent salts
within the membrane. However, it remains crucial to comprehend the influence of the mem-
brane’s functional groups in facilitating salt ion diffusion and to identify membrane structures
that exhibit exceptional selectivity towards NasSO4. The atomistic—level details presented in
this work will help in the better design of FO membranes for the targeted application. As we
observed in our simulations, the SAPA membrane can permeate NaCl while rejecting NaySOy,

implying that this membrane can play a role in the textile waste treatment process.

3.4 Conclusions

In this work, we investigated the applicability of the SAPA membrane in forward osmosis via
non—equilibrium as well as equilibrium molecular dynamics simulations. The feed in the present
study is pure water, and the draw is NaySO, solution. Water structure and dynamics inside the
membrane are characterized via radial distribution function, coordination number, hydrogen
bonds, and dipole moment. As the water molecules transit through the SAPA membrane, it
is observed that water permeates through the membrane with a reduced coordination number;
hence the number of hydrogen bonds per water molecule decreases inside the membrane. The
unreacted functional groups in the membrane at the feed solution/membrane interface facilitate

the water molecules to enter the membrane interior. Water permeability computed based on
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the number of permeated water molecules is 39.16 x 10" Lm~*hr~'bar—!. The present study
suggests that a high density of —COOH functional groups at the water—interfacial region and
the appropriate cross—linking density in the SAPA membrane play a main role in the efficient
water transport across the membrane. The analysis of the trajectories of NaCl and NaySO, ions
inside the SAPA membrane (via EMD simulations) and the interaction of the salt ions with
the functional groups of the membrane suggest that the membrane can trap divalent anions.
However, monovalent anions seem to have longer trajectories leading to efficient separation of
divalent salt using SAPA membrane. A membrane which can reject Na,SO,4 but allow NaCl
can play a significant role in the textile industry waste treatment process. As our simulation
work provided atomistic level details about the rejection of NasSO4 and water permeation, we
hope that these findings can inspire further experiments towards a better SAPA membrane in

FO applications.
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Chapter 4

Non—Preferential Solvent Transport
Through Intrinsic Cyclodextrin Pore in

a Polyester Film

4.1 Introduction

Nanofiltration membranes are crucial in molecular separation [1-3], ion separation [4-6], and
water purification [7-9]. Thin-film composite membranes of polyester or polyamide are generally
prepared via interfacial polymerization between hydroxyl or amine monomers with trimesoyl
chloride (TMC). Polyamide membranes are known for their excellent salt rejection and are
widely used commercially. However, they are susceptible to chlorine degradation [10-12]. In
contrast, polyester membranes, which have stable ester bonds that resist oxidants like sodium
hypochlorite [10, 13], have gained significant interest over the past decade for their high chlo-
rine resistance. Many hydroxyl monomers such as zwitterions [14-16], carbohydrates [17, 18],
cyclodextrins [19-21] and polyphenols [22-24] have been employed for membrane preparation,
resulting in better chlorine resistance and performance in both aqueous and organic solvent
nanofiltration. For example, carbohydrate monomers enable sustainable membrane produc-
tion, while cyclodextrin monomers with defined cavities allow precise separation [1, 19, 21].

Yao et al. [25] developed a resilient polyester membrane that is entirely chlorine-resistant

1G. Nagendraprasad, K. Anki Reddy, C. Das, S. Karan, Non—Preferential Solvent Transport Through In-
trinsic Cyclodextrin Pore in a Polyester Film, J. Phys. Chem. B 127 (30) (2023) 6751-6766.
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and resistant to hydrolytic degradation up to pH 9, reducing fouling and mineral scaling com-
pared to polyamide membranes, thus minimizing desalination pretreatment steps. TET-based
polyester nanofiltration membrane showed outstanding salt rejection (95.5%), significantly sur-
passing state-of-the-art polyester membranes (<50%) [26]. Recent work shows that replacing
MPD with amino-BIPOL improved polar solvent permeation and dye rejection [23]. Addition-
ally, polyester membranes are robust and flexible and exhibit dual superhydrophobicity under
liquid for efficient oil-water separation [27], which is helpful in zero-discharge textile wastewater
treatment [28]. Polymers with intrinsic microporosity showed very low permeance of non-polar
solvents, and the role of intrinsic microporosity in the transport of non-polar-solvent molecules

is yet to be understood [22].

The molecular separation process, recognized for its substantial energy consumption and
environmental impact, is a pivotal yet expensive industrial undertaking [29]. In pursuing more
energy—efficient alternatives to conventional phase change methods [30], high-performance
membranes have emerged as a promising solution. Achieving superior membrane performance
necessitates meticulous material selection and precise control over the thickness and porosity
of the selective layer [31]. Amorphous polymers have gained attention as membrane materials
due to their cost—effectiveness and ease of production. However, the effectiveness of these
membranes in separating small molecules is intricately tied to the size and distribution of pores
within their disordered cavities [31]. Numerous strategies have been employed to enhance the
performance of amorphous polymer membranes, including the incorporation of nanofillers such
as graphene oxide [32], carbon nanotubes [33], zeolites [31], porous aromatic frameworks [34],
metal-organic frameworks (MOFs) [35], covalent organic frameworks (COFs) [36], and poly-
hedral oligomeric silsesquioxane (POSS) [37]. These techniques leverage the self—assembly of
block copolymers to synthesize polymers with intrinsic microporosity and thermally induced
segmental rearrangements [21]. While the introduction of nanofillers has shown promise in
enhancing solvent permeability, it may also result in aggregation within the polymer matrix,
thereby reducing rejection and forming interfacial microvoids [38]. Moreover, conventional
polyamide selective layers, formed through interfacial polymerization, exhibit robustness in
certain solvents but often prove ineffective in transporting non—polar organic solvents [39].
Consequently, current research is centered on exploring the potential of the polymer of in-
trinsic microporosity (PIM-1) in organic solvent nanofiltration (OSN) processes [40]. PIM-1

membranes, notably when delicate and featuring a nanoscale thickness, demonstrate rapid
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permeabilities to non-polar organic solvents [41]. Nonetheless, the vulnerability of PIM-1 to
aging and swelling becomes apparent when exposed to polar organic solvents, marking a key
consideration in further studies [42].

The investigation of solvent transport through nanomaterials has become a focal point in
recent years, given its significant implications across various domains, ranging from drug de-
livery to environmental remediation [43]. Among the diverse nanomaterials under scrutiny,
nanofilms based on polyester cyclodextrin have emerged as promising contenders for facilitat-
ing the transport of polar and non-polar solvents [21]. Comprising cyclodextrin host molecules
and polyester backbones, these films provide a unique platform with the potential to control
and enhance solvent transport properties intricately at the molecular level. A comprehensive
understanding of the complex interplay between solvents and cyclodextrin-based nanofilms is
imperative for optimizing their performance across diverse applications. Cyclodextrin (CD), a
macrocyclic molecule extensively investigated in scientific research, stands out for its distinc-
tive conical hourglass cavities formed by the inward protrusion of glycosidic oxygens derived
from adjacent a-glucose units. Within these cavities, water confinement presents a scenario of
energetic frustration while simultaneously facilitating enthalpically driven hydrophobic inter-
actions with non-polar molecules [44]. The membrane crosslinking of CDs manifests intrinsic
microporosity, endowing them with the ability for rapid solvent transport and shape-selective
permeability. In membrane form, CDs showcase a remarkable capacity for selectively trans-
porting non-polar solvents through intrinsic pores, alongside facilitating the passage of polar
solvents through aggregate pores formed via ester linkage between CD and hydrolyzed trimesoyl
chloride (TMC) molecules [21]. Despite this versatile functionality, challenges arise in achiev-
ing precise alignment of CD cavities normal to the solvent flow direction, attributed to the
disordered packing of CD units that may impede pore interconnectivity. Additionally, the hy-
drophobic inner cavity of crosslinked CD films may be surrounded by polar groups, potentially
hindering the transport of non-polar solvents through the CD cavity. Notably, larger aggre-
gate pores can enhance non-polar solvent permeance while concurrently reducing salt rejection
[20], opening avenues for novel membrane design and application advancements. Therefore,
it is essential to gain a detailed understanding at the molecular level regarding the transport
characteristics of these solvents through CD-based nanofilms.

The investigation of membrane transport properties can be effectively studied through either

Equilibrium Molecular Dynamics (EMD) or Non-Equilibrium Molecular Dynamics (NEMD)
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simulations. EMD does not introduce biasing force and derives transport properties from mean
square displacements or correlation function integrals based on linear response theory [45]. It
has been used to examine the transport behavior of water molecules and ions through carbon
nanotubes [46-48]. In contrast, NEMD applies non-equilibrium conditions, such as pressure
[49, 50] or concentration differences [51, 52], to directly observe transport phenomena at the
Angstrom scale. NEMD has revealed the promise of zeolitic metal-organic frameworks (MOFs)
[53] for water desalination and has also been used to investigate gas permeation through the
membranes [54, 55]. EMD has been used to study the pore structures[56], revealing hydration
of ions as key in rejection [57], while simulations of complex atomic structures of membranes
allow the analysis of additional factors like membrane structure and interactions. The MD
studies have advanced the understanding of structurally simple inorganic membranes, such as
carbon nanotube membranes [46, 47, 51, 57-60]; investigating polymeric membranes remains
challenging due to their complex structures. Additionally, EMD was employed to assess the
diffusion of monovalent and divalent salts [52]. Notably, MD simulations have yet to be used

to explore the transport of organic molecules in the CD-based membranes.

Solvent transport through membranes is typically explained by the non-equilibrium ther-
modynamics [61, 62], pore-flow (PF)[63, 64], or solution-diffusion models [65-68]. Meng Shen
et al.[69] studied the transport of water through reverse osmosis membranes via molecular dy-
namics. Their results indicate that water permeance increases with the increase in connected
free volume. The average pore size significantly contributes to overall water permeance [70-76].
Recent studies suggest that water molecules form chains as they traverse through the intercon-
nected pores within the polyamide membrane, with continuous water percolation [56, 77, 78].
Li Wang et al. [49] recently proposed a mechanism for water transport through RO membranes
at high pressures, asserting that water transport is entirely governed by the pore-flow model
rather than the solution-diffusion mechanism. Hanqing Fan et al. [79] reported that solvent
molecules migrate as clusters through interconnected pathways within the membrane pores, and
permeance depends on the solvent affinity with the membrane, influencing the pore structure.
Jinlong He et al. [80] reported organic solvent transport in dense polymer membranes, finding
that solvent transport under a pressure gradient depends on the membrane free volume or pore
size and the solvent size, supporting the PF mechanism. Pedro et al. [81] proposed a transport
mechanism for solvents such as methanol, toluene, ethyl acetate, and their mixtures through

nanofiltration membranes in cross-flow. Their findings indicate that the solution-diffusion and
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pore-flow models can predict solvent permeation, but the solution-diffusion model provides more
accurate results. The membrane-solvent interaction plays a crucial role in solvent transport,
although the study could not explain the flux difference between toluene and ethyl acetate.
However, the permeation mechanism has not been explored in detail in cyclodextrin-based
polyester membranes, which is the main objective of the present work.

In this work, we analyzed the transport of polar and non-polar solvents through CD—based
nanofilms via molecular dynamics (MD) simulations. Our analysis primarily centers on eluci-
dating the structural properties of these membranes and the role of functional groups in solvent

transport.

4.2 Methodology

4.2.1 Membrane Model

(a) (b) (c)

Figure 4.1: Chemical structure of the monomers and ester linkage (a) Cyclodextrin (n = 6 for
a-CD, n = 7 for §-CD, and n = 8 for 7-CD) (b) Hydrolyzed trimesoyl chloride (TMC) (c)
Ester linkage. Top panel depicts the schematic representation of 2D structures and bottom
panel represents the 3D structures. The CHARMMS36-compatible force field parameters were
obtained from the CGenFF server.

By mimicking the interfacial polymerization via a heuristic approach, we build an atomistic
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Figure 4.2: The partial charges of atoms involved in ester linkage and neighboring atoms are
shown here, where, for simplicity, one glucose unit in cyclodextrin (top panel left side schematic
structure) and hydrolyzed trimesoyl chloride (top panel right side schematic structure) are
represented. The bottom panel depicts the partial charges of ester linkage atoms and their

neighboring atoms.

model for the crosslinked polyester membrane. In this study, the crosslink process involves the
formation of ester bonds between cyclodextrin (CD) and hydrolyzed trimesoyl chloride (TMC)
in a vacuum based on distance criteria. The monomers used in this study to create a polyester
are shown in Figure 4.1. All MD simulations were performed using NAMD [82]. CGenFF
version 2.5 [83] is used to obtain the CHARMMS36 [84] compatible force field parameters for
monomers and ester linkage. Initially, CD («a/8/v) and TMC molecules were randomly packed
in a simulation box of dimensions 100 x 100 x 50 A using PACKMOL [85], maintaining
a 1:2 ratio. The monomeric mixture is then energy minimized and equilibrated in an NPT
ensemble (constant temperature and pressure) at 300 K and 1 atm. The equilibrated mixture
was annealed in an NVT ensemble, gradually increasing the temperature of the system to 1100

K and cooling it back to 300 K with a step of 50 K. This annealed monomeric mixture was then
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used in polymerization runs to create a polyester membrane. The crosslinking process consisted
of 2000 steps, each lasting 10 ps with a time step of 1 fs. During polymerization, ester linkages
were formed between the monomers based on a cutoff distance. When the distance between the
carbon atoms of the —COOH group in the TMC monomer and the oxygen atoms of the hydroxyl
(—OH) groups on the narrow rim of the cyclodextrin molecule was less than 3.5 A, an ester
linkage was formed. This involved removing a hydrogen atom from the hydroxyl group of the CD
monomer and the —OH group from the carboxylic group of the TMC monomer. The simulation
continued to search for new ester linkages for every 10 ps of simulation time. The partial charges
of the atoms involved in the ester linkage and its neighboring atoms were adjusted accordingly.
Figure 4.2 illustrates the schematic structures of the monomers and the ester linkage, with the
partial charges depicted near the atoms. It should be noted that Figure 4.2 only represents the
partial charges of a few atoms, while every atom in the simulation possesses its unique partial
charge. Energy minimization and equilibration were performed after each crosslinking step. As
the simulation progressed, the crosslinked clusters grew, which hindered monomer diffusion and
slowed down the crosslinking process. The cutoff distance was increased to 4.5 A to accelerate
the crosslinking process. After the polymerization process, unreacted monomers (which did
not form ester linkages) were removed, and the resulting membrane was further utilized in this

study.

4.2.2 Equlibrium Molecular Dynamics Simulations (EMD)

The EMD procedure involved immersing previously polymerized dry membranes separately
into reservoirs of equilibrated water and hexane solvent, as depicted in Figure 4.3(a, b). The
water molecules used in our simulations were modeled using the TIP3P water model [86], and
the CHARMM36-compatible force field parameters for hexane molecules were obtained from
the CGenFF server. These simulation systems were then subjected to an NPT ensemble at
a constant temperature of 300 K and a pressure of 1 atm for 50 ns. The van der Waals
forces were computed using the Lennard—Jones potential to model the interactions between
atoms with a cutoff distance of 12 A and a switching distance of 10 A. The Particle Mesh
Ewald (PME) method is used to compute electrostatic interactions with a grid spacing of 1
A[87]. The pressure and temperatures were controlled by a modified Nose—Hoover method

[88] coupled with Langevin dynamics, with a damping factor of 5 ps™ [89]. The equations of
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motion were integrated using the velocity Verlet algorithm [90], with a time step of 1 fs and
trajectories saved at intervals of every 20 ps. Periodic boundary conditions (PBC) were applied
along the X, Y, and Z dimensions. It is important to note that the results presented in this
manuscript are based on the average outcomes obtained from three independent simulations,

and trajectory analysis was carried out for the last 30 ns simulations.

4.3 Results and Discussion

4.3.1 Membrane Solvation and Structure

X =100 A §
Y = 100 A
Z =250 A

A/ -CD/TMC ——
‘Whole system CT T v s Y -CD, B-CD/TMC ------
2 el 1.2 7-CD/TMC — - —
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Density (gm cm™%)
Density (gm cm™3)

Nano-film

Hexane

0 RN 0 b \
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Figure 4.3: (a) Membrane submerged in water reservoir (b) Membrane submerged in hexane
reservoir (c¢) Density profile dipicting the water and membrane atoms distribution along the
z-axis in the simulated system (d) Density profile dipicting the hexane and membrane atoms

distribution along the z-axis in the simulated system

Figure 4.3(a, b) shows the equilibrated membrane system within water and hexane reser-
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voirs, respectively. We computed the water and hexane content along the membrane normal to
analyze the membrane structure and interactions with membrane atoms. As shown in Figure
B.1(a, b), the water and hexane content of the membrane varies depending on the interfacial
region and the interior part of the membrane. An increase in water and hexane content was
observed at the interfacial regions along the membrane/reservoir interfaces, which suggests
favorable interactions between the membrane and solvents. The water uptake in the «, f,
and v-CD/TMC membranes are found to be 52.8, 52.9, and 53.8 wt%, respectively. Similarly,
the hexane uptake for these membranes is measured at 58.5, 62, and 64.4 wt% for «, 3, and
7-CD/TMC, respectively (we consider the region of 15 A < z < 50 A for computing solvent
uptake in the membrane).
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Figure 4.4: The pore size distribution of the fully hydrated membranes in water (a) a-CD/TMC
(b) 8-CD/TMC (c) v-CD/TMC; The pore size distribution of the fully equlibrated membranes
in hexane solvent (d) a-CD/TMC (e) 8-CD/TMC (f) v-CD/TMC

We proceeded to partition the simulation system along the z—direction, segmenting it into
uniformly spaced slabs of 2 A thickness. For each slab, we counted the number of atoms (i.e.,
membrane/water/hexane) and divided them by the slab volume to get the density for each
slab. Figure 4.3c presents the density profile of water within the membrane, the distribution

of atoms in the membrane, and the overall simulation system. The density profiles for the
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hexane simulation system are shown in Figure 4.3d. Variations in water and hexane transport
(or uptake) across (or in) these membranes are likely attributed to differences in their pore
structures, which can be elucidated in terms of the accessible space. We used the Monte Carlo
technique[91] to compute the pore size distribution (PSD). The last 10 ns of the production
run have been used to compute the PSD reported in the present work with the probe of 1 A
radius. For water hydrated a-CD/TMC membrane, the pore radii range from 0.5 - 6 A with
the prominent pores ranging from 1.5 -4 A (Figure 4.4a), and for 5-CD/TMC membrane, more
prominent pores observed at 2 - 5 A radius (Figure 4.4b). On the other hand, for v-CD/TMC
membrane, more prominent pore radii range from 2 - 6 4 (Figure 4.4c). The hexane—solvated
membranes PSDs are shown in Figure 4.4 (d-f). Notably, the distribution of the pores in the
hexane—solvated membranes enhanced compared to water—hydrated membranes. For hexane
solvated a-CD/TMC membrane, the prominent pore radii range from 2 - 6 A (Figure 4.4d), and
for 3/7-CD/TMC membranes, prominent pore radii range from 2 - 8 A (Figure 4.4(e, f). Figure
B.2(a-f) shows the 3D morphology of the solvated membranes computed via Material Studio
Connolly surface visualization module [92] using water molecule as a probe. Blue indicates
the accessible free volume for water, and gray indicates the volume occupied by the membrane
atoms. It is worth noting that non—interconnected pores may have the capacity to hold, but
they do not contribute to the solvent transport. Effective transport occurs exclusively through

interconnected free volumes within the membrane structure [52, 93].

4.3.2 Water Structure

The pair correlation function, or radial distribution function (RDF), was computed between
the oxygen atoms of water molecules present inside cyclodextrin(CD)—based membranes. The
RDF between oxygen atoms (OW) of water in the bulk water and the hydrated membranes
is presented in Figure B.3a. Notably, the location of the first peak in RDF appears at 2.75
A for bulk and water in the membrane, with a slight difference in the peak intensity. To
quantify the coordination number of water molecules (N.), we integrated the RDF (between
the oxygen atoms of water molecules (OW)), as shown in Figure B.3b. Inside the membrane
for a-CD/TMC, p-CD/TMC, and v-CD/TMC, the coordination number of water molecules
decreases to 3.3, 3.4, and 3.5, respectively, compared to 4.4 in the bulk water (Figure B.3b).

This decrease in coordination numbers suggests a reduction in the number of hydrogen bonds
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(HB) for each water molecule (see Figure B.3c). It is assumed that donor (D) and acceptor
(A) atoms can form hydrogen bonds, with donor—acceptor (D—A) cutoff distance of 3 A and a
D—H—A cutoff angle of 20°. [52, 94, 95]. Figure B.3c displays the average number of hydrogen
bonds between water molecules along the membrane normal, which indicates a decrease in
hydrogen bonds inside the membrane. Furthermore, the RDF (see Figure B.3d) between the
hydrogen and oxygen atoms of water molecules in bulk water and inside the membrane was
computed. The first minima in the RDF at r = 2.45 A signifies the hydrogen bond formation
with adjacent water molecules [52, 96]. As a result of the excluded volume effect, the peak
intensity within the membrane is slightly higher than the bulk water [52, 96]. We observed 0.9
oxygen atoms (OW) around the hydrogen atoms (HW) of water molecules and 1.9 HW around
the OW of water molecules in the bulk water. So, each water molecule forms approximately 3.8
hydrogen bonds (HB) in bulk water. Similarly, 0.8 OW around HW and 1.7 HW around OW
were observed, resulting in 3.4 HB for each water molecule within the membrane. Moreover,
water molecules can form hydrogen bonds with functional group atoms of the membrane and
each water molecule forms 0.5 HB with the membrane. As a result, with a/3/y-CD/TMC,

each water molecule forms approximately 3.9 HB inside the membrane.

4.3.3 Pathways and Permeation Mechanism

The solvent flux is calculated based on the number of solvent molecules that permeate the
membrane in a simulated time. As it is an equilibrium molecular dynamics (EMD) simulation,
no external pressure is applied, and the permeance is purely based on the thermal motion
of solvent molecules through the membrane. Since there is no pressure gradient in EMD
simulations, solvent molecules can permeate in both directions (4z or -z) at an equal rate.
Based on this number of molecules, the solvent flux is calculated as V/(2.A.t), where V is
the volume of the solvent permeated through the membrane area (A) in a simulated time
(t). It is observed that permeance depends on the nature of the macrocyclic cavity, and the
a/B/v-CD/TMC membranes exhibit varying flux characteristics. The calculated water fluxes
for a/f/~-CD/TMC membranes based on the number of permeated water molecules are 14.79
x 10%,20.97 x 10%, and 33.06 x 10* Lm~2h~!, respectively (Figure B.4a). Similarly, the hexane
fluxes for these membranes, calculated based on the number of permeated hexane molecules,

are 1.42 x 10%, 2.11 x 10%, and 2.91 x 10* Lm~2h~!, respectively (Figure B.4b). Thus, an
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order of magnitude higher flux for water was observed.

Various research groups have examined the performance of CD—based membranes, show-
casing high permeances for both polar and non—polar solvents [19, 21, 97]. Liu et al. [21]
developed polyester (PE) membranes with a distinctive pore size distribution by using three
distinct cyclodextrins (a/3/v-CDs). Their unique composition, featuring hydrophobic inner
cavities and hydrophilic channels, sets the CD/TMC nanofiltration (NF) membranes apart from
the commercial polyamide membranes. This distinctive structure empowers these membranes
with exceptionally high permeability, allowing for the efficient passage of polar and non—polar
solvents [19, 97]. Additionally, functionalized CD-based membranes also showed high liquid
permeance [1, 98], however hexane permeance is much lower [1]. These studies suggest that
there are certain discrepancies in liquid transport through CD—based membranes, necessitating
a deeper understanding of the functional significance of the CD-cavity in transporting polar
and non-polar solvents.

To understand the transport mechanisms within these CD—based membranes, we meticu-
lously analyze the trajectories of individual water and hexane molecules, tracking their pathways
as they traverse the membrane. In Figure 4.5(a-c), we present the trajectories of 20 selected
water molecules for each type of CD—based membrane. In each membrane, we track the path-
ways of water molecules from the top reservoir to the bottom reservoir. Figure 4.5a portrays
the pathways of water molecules in «-CD/TMC membrane. As the water molecules traverse
the membrane, they interact with nearby molecules and the membrane atoms, resulting in their
seemingly random movement. These trajectories are also visualized in the 2D XZ plane (Figure
4.5d) and the 2D YZ plane (Figure B.5) as line segments. We observe that these water molecules
traverse from the top and bottom water reservoirs through the membrane; they initially follow
a random motion and approach the interfacial region of the membrane multiple times before
finally reaching the bulk portion of the membrane. Once within the bulk region, they travel
relatively quickly through certain membrane parts while appearing momentarily confined in
other regions, likely corresponding to voids or pores within the membrane structure. Consider
the blue line segment in Figure 4.5g, where a water molecule follows a random path, interact-
ing with neighboring water molecules and membrane atoms. However, its movement is slightly
restricted by the membrane atoms in the interfacial region. Later, it enters the bulk section of
the membrane. Subsequently, the molecule hops into another pore by rapidly returning to its

starting place in the bulk membrane. This pore appears to be 10 A long (40 A < z < 50 A).
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Figure 4.5: Pathways of selected water molecules through the CD-based membrane in (a) a-CD/TMC (b) 8-CD/TMC (c)
~v-CD/TMC; Trajectories of ten water molecules perameating through CD—based membrane in 2D XZ plane (d) a-CD/TMC (e)
B-CD/TMC (f) v-CD/TMC; Trajectory of single water molecule permeating through the CD—based membrane in 2D XZ plane and
the functional groups present within 5 A along the trajectory, where -OH! represents primary hydroxyl group, and -OH? represents
the secondary hydroxyl groups (g) o-CD/TMC (h) 8-CD/TMC (i) v-CD/TMC; RDF between water oxygen atoms(OW) and the
membrane functional group atoms, where O! is primary hydroxyl group oxygen atom, O2 represents secondary hydroxyl group
oxygen atoms, O3 represents the ester—linkage atom between CD and TMC, O? represents the hydroxyl group oxygen atoms of
TMC monomers, O° represents the —C=0 of —COOH in TMC monomer, and —CHs refers to the carbon atoms adjacent to the
primary hydroxyl groups (j) a-CD/TMC (k) -CD/TMC (1) v-CD/TMC

The water molecule finally passes through this pore and enters the interfacial region (shown
at z = 15 A in Figure 4.5g) before exiting the membrane towards the membrane other side.

It is observed that most water molecules follow similar pathways from one side to the other
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Figure 4.6: Pathways of selected hexane molecules through the CD-based membrane in (a) a-CD/TMC (b) 8-CD/TMC (c)
~v-CD/TMC; Trajectories of ten hexane molecules perameating through CD—based membrane in 2D XZ plane (d) a-CD/TMC (e)
B-CD/TMC (f) v-CD/TMC; Trajectory of single hexane molecule perameating through CD—based membrane in 2D XZ plane and
the functional groups present within 5 A along the trajectory, where -OH! represents primary hydroxyl group, -OH? represents
the secondary hydroxyl groups, and —CHg refers to the carbon atom adjacent to the primary hydroxyl group (g) a-CD/TMC (h)
B-CD/TMC (i) v-CD/TMC; Ineraction energies between carbon atoms in hexane molecules and membrane fucntional group atoms,

here functional group atoms identities are same as Figure 4.5 (j) a-CD/TMC (k) 8-CD/TMC (1) v-CD/TMC

(Moviel). As the water molecules permeate the membrane, it is observed that they are per-
meating through the aggregate pores while interacting with functional groups that assist water
transport. Figure 4.5g shows that the majority of the permeated water molecules are favored

by the hydroxyl and ester—linkage in the membrane. This observation is evident from the
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Figure 4.7: The variation of the distance between the mass centers of (a) Water and CD cavity

(b) Hexane and CD cavity

RDF profiles. The RDF shown in Figure 4.5j informs that water is predominantly transported
through aggregated pores. Figure 4.5e and B.5b display the 2D trajectories of selected water
molecules in the 3-CD/TMC membrane. Consider the black color line segment at z = 35 A to
z = 45 A in Figure 4.5¢; the water molecule remains trapped in the membrane until random
fluctuations drive it to a path where it quickly moves to an enlarged pore deeper into the mem-
brane (Movie2). Figure 4.5f and B.5c¢ display the 2D trajectories of selected water molecules in
the -CD/TMC membrane. It is observed that v-CD/TMC exhibit similar transport phenom-
ena for water as a/S-CD/TMC membrane (Movie3). Figure 4.5(h, i) represents the functional
groups along the selected water molecule trajectory for /7-CD/TMC membranes (see Figure
B.5(e, f) for 2D YZ plane trajectory). The RDF in Figure 4.5(k, 1) exhibits similar behavior as
shown in @-CD/TMC membrane. Additionally, in the 8/ membranes, there were instances of
pore spanning across the membrane have been observed (see Figure B.6). Overall, in o/3/~-
CD/TMC membrane, transport of the majority of water molecules is facilitated by hydroxyl
and ester—linkage groups.

The trajectories of hexane molecules within each CD—based membrane exhibit distinct be-
havior compared to water molecules. In Figure 4.6a, we can observe the path hexane molecules
take as they traverse the a-CD/TMC membrane. It is observed that hexane molecules navigate
through considerably narrower channels compared to water. This is primarily due to hexane
molecules being larger than water molecules. Consequently, their random movement within
the pores is more constrained owing to their larger size and the resulting steric effects. Fur-
thermore, their movement through the pores is restricted to a greater extent. It is observed

that both the random motions of hexane molecules and the membrane dynamic structure play
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Figure 4.8: Pathways of water molecules through the CD cavity (a) a-
Pathways of hexane molecules through the CD cavity (d) a-CD (e) g-

a role in transporting hexane through the membrane. This is prominent in a video depicting
the hexane trajectory over a 30 ns duration (refer to Movied). The 2D trajectories of selected
hexane molecules along the XZ plane are shown in Figure 4.6d, and the YZ plane is represented
in Figure B.7a. Notably, the hexane molecule (represented by the line segment) initially enters
the bulk region of the membrane at z = 50 A. Eventually, it reaches the opposite side of the
membrane at z = 15 A. It is observed that hexane molecules spend more time within the bulk
membrane than water molecules. The thicker trajectories depicted in Figure 4.6(a, d) clearly
illustrate that hexane molecules exhibit a significantly longer residence time within the bulk
membrane than water molecules. The quantification of functional groups facilitating hexane
transport is observed through 2D trajectory analysis and interaction energies with the mem-
brane functional groups. Figure 4.6g and B.7d depict the positions of functional groups within
a 5 A range along the trajectory. Notably, carbon atoms adjacent to the primary hydroxyl

groups on the wider rim of CD exhibit increased interaction with hexane molecules, thereby
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aiding their transport through the membrane, as illustrated in Figure 4.6j. The electrostatic
interaction profile reveals that hexane experiences repulsions towards hydroxyl and carboxyl
groups but displays an electrostatic attraction to carbon atoms adjacent to the primary hy-
droxyl groups. Furthermore, hexane exclusively traverses ester—linkage aggregate pores and
avoids passage through the CD cavity.

Similarly, hexane molecules exhibit analogous behavior in both the 5-CD/TMC (Figure
4.6b) and v-CD/TMC (Figure 4.6¢c) membranes. The typical motion of hexane molecules in
the 5-CD/TMC and the y-CD/TMC membranes can be observed in Movie5 and Movie6, respec-
tively. Additionally, the transport phenomena for water and hexane molecules in CD—based
membranes remain consistent in each membrane, owing to the presence of functional groups
within the membrane. The primary distinction lies in the spatial distribution of membrane
atoms, which creates varying degrees of free volume within the membrane. Figure 4.6 (e, f)
and B.7(b, ¢) represent the 2D trajectories for 5/7-CD/TMC membranes, respectively. Figure
4.6 (h, i) and B.7(e, ) show the membrane functional groups along the trajectory. Figure
4.6(k, 1) reports interaction energy profiles. It is observed that the trend for the interaction
energy profile is the same for all the membranes. The presence of unreacted functional groups
on the narrow rim, along with the neighboring TMC and other CD molecules, hinders hexane
entry into the CD cavity. Additionally, these unreacted functional groups on CD molecules
are oriented towards the CD cavity, posing an obstacle to hexane molecules. Furthermore,
unreacted primary hydroxyl groups on the CD rim and nearby TMC molecules make a more
polar environment, impeding hexane permeation through CD-cavity (see Figure B.8).

To discern the transport of water or hexane molecules through the cyclodextrin (CD) cavity,
we computed the center of mass (COM) distance between these molecules and the CD cavity.
Figure 4.7 shows the average distance between the CD centroid and water/hexane molecules
over the simulated time. Values exceeding 6.5 A are categorized as outside the cavity, while
those equal to or less than 6.5 A are considered inside the cavity. As illustrated in Figure
4.7a, the COM profile reveals that most water molecules remain above 6.5 A, confirming that
water transport occurs exclusively through aggregate pores formed by ester—linkage. Notably,
the non-uniform distribution of CD molecules in the membrane, with intrinsic cavities not
perpendicular to the flow direction, poses challenges for pore permeation. In membrane form,
these CD cavities are not easily accessible due to their disordered arrangement. Moreover,

Figure 4.7b demonstrates that the COM distance for hexane molecules consistently exceeds 6.5
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A, indicating that most hexane molecules do not traverse through intrinsic cavities but solely
through aggregate pores. Additionally, unreacted functional groups (—OH) on the CD rim

impede the entry of hexane molecules.

In order to gain insights into the characteristics of the CD cavity, we performed EMD
simulations on pure CD molecules, where CD molecules were immersed in water and hexane
reservoirs separately. We performed NPT simulations under standard conditions of room tem-
perature and pressure (300 K, 1 atm) for 20 ns. The trajectories of water molecules through
the CD cavity are illustrated in Figure 4.8. Figure 4.8a depicts the pathways of water molecules
passing through a-CD, while Figure 4.8b and 4.8c showcase the trajectories followed by water
molecules within 5-CD and -CD, respectively. Our observations reveal that water molecules
traverse each CD pore by establishing hydrogen bonds (Figure B.9). These water molecules
confined within the supramolecular cavity are often referred to as activated or high-energy
waters [99-102]. The number of hydrogen bonds these cavity-bound water molecules form is
a crucial parameter characterizing their energy frustration level [44]. For instance, a TIP3P
water molecule confined within the cavities of a-CD, 5-CD, and «-CD forms only 2.3, 3.4, and
3.9 hydrogen bonds, respectively. The ability to engage in hydrogen bonding within the CD
cavity is believed to be a significant driving factor enabling water molecules to exit the cavity
more readily [44]. We observed the maximum water occupancy inside the cavity to be 5 in
a-CD, 9 in 5-CD, and 14 in 7-CD. The precise positions of these water molecules are shown in
Figure B.9. In addition, we observed the maximum hexane occupancy inside the cavity to be
1 in a-CD (see Figure B.10(a, b)) and 2 in §/+-CD (see Figure B.10(c-f)). Figure 4.8d shows
that the hexane molecule is confined in the a-CD pore, but it is passing through the 5-CD (see
Figure 4.8e) and y-CD pore (see Figure 4.8f). Figure 4.8 highlights a vital observation as both
water (in «/f/7-CD) and hexane molecules (in §/7-CD) can pass through the hydrophobic
cyclodextrin inner cavity. Furthermore, our observations highlight the simultaneous exclusion
and inclusion of molecules throughout the simulations. From the transport behavior of water
and hexane through cyclodextrin (CD)-based membranes and pure CD molecules, we observed
that the preferred pathways for transporting both solvents in the membrane form primarily in-
volve hydrophilic pores formed by ester—linkages rather than the CD pores. Without a linker,
the CD cavity allows for the passage of both polar and non-polar solvents. Additionally, for
pure CD cavity, the primary hydroxyl groups remain away from the rim, which allows hexane to

go through it. This observation suggests that forming Janus membranes, which accommodate
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distinct transport pathways for polar and non-polar solvents, presents significant challenges,
and CD cavities can facilitate solvent transport through it when they are perfectly aligned to
liquid flow without polar functional groups on the periphery of the narrow rim. Nevertheless,
the potential for designing ideal membranes remains open, primarily through meticulous and
controlled interfacial polymerization of cyclodextrin membranes on porous supports. Experi-
mentalists may explore this avenue to engineer membranes that meet specific design criteria

and exhibit enhanced performance characteristics.

4.4 Conclusions

With a realistic atomistic model for a cross—linked cyclodextrin(CD)—based polyester mem-
branes, we investigated the membrane structure and transport of water and hexane in the
membranes via classical molecular dynamics simulations. Despite a slight difference in the den-
sities of the membranes, pore connectivity under dynamic conditions and the resulting tortuous
pathways for the transport of water and hexane molecules varied amongst membranes. The
water and hexane uptake of the membrane directly depends on the free volume within the mem-
brane. It is observed that the membrane water uptake for CD—based membrane is =~ 53 wt%,
and hexane uptake is ~ 63 wt%. Water and hexane pathways imply that solvent transport
through the membrane is relatively fast in some places and appears to be trapped in others,
waiting to hop into the next pore until they find pathways that open as a result of membrane dy-
namics. Furthermore, the EMD simulations have revealed that the interconnected hydrophilic
cavities formed through ester linkages are more favorable channels for transporting polar and
non—polar solvents through the membranes. We also performed EMD simulations on pure
CD macrocyclic molecules in water and hexane solvents. It is observed that uncross—linked
cyclodextrin molecules facilitate the transport of both solvents, and water molecules permeate
the CD—pore via hydrogen bonds among the water molecules. In our simulations, we observed
that the hexane solvent flux is an order of magnitude lower compared to the water permeance.
Our findings conclude that both solvents primarily traverse through the polar aggregate pores
in the cross—linked membranes rather than the CD cavity, indicating a lack of functional signif-
icance of macrocyclic molecules in solvent transport and the existence of Janus pathways. We
hope that the atomic—level insights from the present study will inspire further experimental

investigations on CD—based membranes.
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Chapter 5

Atomistic Insights into
High-Performance Polyimine-based
Membranes for Selective Dye Rejection

and Salt Permeation in Nanofiltration

5.1 Introduction

In the past decade, the increasing presence of toxic dye contaminants has significantly degraded
water quality. Reactive dyes are particularly prevalent due to their ease of application and vi-
brant colors [28]. Dyes are widely used across various industries, including textiles, paper, plas-
tics, and leather, with synthetic dyes being applied in vast quantities daily [4, 5, 9, 11, 42, 44].
Azo dyes [6, 60], the most common type, pose severe threats to aquatic life and human health,
particularly affecting the nervous system [3, 7, 62]. These dyes, characterized by their aromatic
ring structures, are highly resistant to degradation, making the treatment of textile wastewater
particularly challenging [25, 34]. Several techniques, such as adsorption, photocatalysis, ozona-
tion, and anaerobic/aerobic processes, have been explored to remove dyes from wastewater

[3, 34, 44, 53]. Another technique that has been widely utilized in dye wastewater treatment is

1G. Nagendraprasad, K. Anki Reddy, C. Das, S. Karan, Atomistic Insights into High-Performance Polyimine-
based Membranes for Selective Dye Rejection and Salt Permeation in Nanofiltration, revision submitted to

Chemical Engineering Science.
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Chapter 5. High-Performance Polyimine-based Membranes in Nanofiltration

membrane-based nanofiltration at low operating pressures.

In recent decades, membrane separation technologies have gained significant attention due
to their low energy consumption, minimal carbon footprint, operational simplicity, and scal-
ability [46]. Nanofiltration membranes with high permeance and tailored molecular weight
cutoff (MWCO) enable selective separation of molecules by size [58, 77]. However, achieving
high solute-solute selectivity remains critical for efficient molecular separation in nanofiltration
processes [57, 68]. For years, semi- or fully-aromatic polyamide thin-film and nanocomposite
membranes have dominated the industry due to their suitability for commercial-scale produc-
tion [23, 37, 56, 57]. Despite their advantages, these membranes often exhibit high rejection
rates for salt ions due to their densely crosslinked structures [23, 56, 57].

Various strategies exist for membrane modification, with the incorporation of nanomateri-
als being particularly prominent [64]. To enhance membrane separation performance, micro-
and nanomaterials are synthesized and integrated with polymeric matrices, resulting in high-
performance mixed matrix membranes [40]. However, the effectiveness of inorganic materials
in these membranes is often limited by the low adsorption of inorganic particles in the poly-
mer phase, which reduces separation efficiency [43]. Developing organic porous materials has
been proposed to address this issue to solve the challenges associated with nanoparticles [75].
Interfacial polymerization (IP) is the leading method for producing thin-film composite (TFC)
membranes [37, 46, 50|, forming a dense selective layer that offers moderate to high salt rejection
(30-60% for monovalent salts and 95-99% for divalent salts), though efficient separation of low
molecular weight compounds can be challenging [2, 12, 74, 81]. For instance, polyethyleneimine
(PEI)-based TFC membranes exhibit a higher molecular weight cutoff while maintaining high
rejection of mono- and divalent salts with high water flux [12]. Similarly, PEI/piperazine mem-
branes offer excellent salt separation, particularly for MgCly, with moderate water flux [74]. Re-
cent efforts have focused on developing loose nanofiltration (NF) membranes that maximize salt
passage while selectively rejecting dyes from salt-dye mixtures [39, 72]. For example, Wang et al.
[72] and Li et al. [39] developed loose NF membranes using crosslinked PEI, achieving high dye
rejection rates (~=99%) for dye (Congo red) and low salt rejection for NaCl and NaySOy [39, 72].
Additionally, integrally skinned asymmetric membranes are known for separating small organic
molecules, though they offer marginal selectivity [21, 46, 59, 61]. Conventional polyamide-based
NF membranes, while effective in some applications, often suffer from chlorine degradation and

fouling issues, limiting their long-term performance [13, 71, 76]. Imine-based porous organic
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polymers (POPs) have recently gained attention for their unique porous structures, making
them ideal for molecular separation with high MWCQO. These imine-based membranes are par-
ticularly notable for their hydrolysis resistance, which enhances their suitability for membrane
technologies [15, 35]. Polyimine NF membranes are synthesized through Schiff base chemistry,
forming imine linkages (C=N) between aldehyde and amine groups [79]. This simple yet highly
versatile polymerization method allows for the creation of membranes with high crosslinking
density, improving their rejection properties and mechanical strength. The intrinsic stability
of polyimines in harsh chemical environments, including their resistance to acidic and alkaline
conditions, makes them particularly suitable for industrial wastewater treatment applications
where high concentrations of salts and dyes are present. Recent research has shown that these
membranes exhibit high water permeance and selective rejection of dyes and salts [67]. Nev-
ertheless, the large-scale production of imine-based thin-film membranes has faced challenges
due to the extended reaction times or high temperatures typically required for their synthesis
[15, 19, 35, 79]. Progress has been made in synthesizing these membranes at room temper-
ature with shorter reaction times, facilitating the production of thin films [67]. One of the
key advantages of polyimine membranes in dye separation is their ability to selectively reject
large organic molecules, such as dyes, while allowing the passage of smaller ions like salts. The
strong electrostatic interactions between the membrane and dye molecules contribute to high
dye rejection rates, typically exceeding 95% for common textile dyes [67, 68, 80]. In addition,
the size exclusion mechanism ensures that salts, which are much smaller in molecular size than
dyes, can permeate through the membrane, making it an ideal choice for processes requiring
simultaneous dye removal and salt recovery [67].

In the present manuscript, the methodology section discusses the forcefield parameterization,
the development of the atomistic model for the polyimine nanofilm, and the procedure for non-
equilibrium molecular dynamics simulations with the hydrated membrane and the feed solution
of NaCl salt and dye. The results and discussion section presents the data on water permeance,

transport of monovalent ions, and dye rejection mechanism.
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5.2 Methodology

5.2.1 Force Field Parameterization

The molecule Brilliant Blue R (BBR; molecular weight = 825.9 g mol™!), triformylphlorogluci-
nol (TFP), and the polyimine linkage were uploaded to the CGenFF webserver [29, 70, 78] using
interface version 1.0.0 and force field version 3.0.1. The CHARMM [29] force field parameters
for each molecule were generated by analogy with pre-existing parameters within the CGenFF
server. A penalty score was assigned to evaluate how closely each parameter pair matched
the existing ones. If the penalty exceeded 10, further optimization was necessary [70]. All
force field parameters, including charges, bonds, angles, and dihedral parameters with penal-
ties above 10, were refined using ffTK. The ffTK tool was employed to generate configuration
files for quantum mechanics (QM) calculations and to fine-tune the parameters to ensure that
molecular mechanics (MM) features aligned with QM results. QM calculations were conducted
using Gaussian 16 software [22], while MM calculations were performed using NAMD [54]. The
optimized penalty parameters for the molecular geometry were obtained by minimizing the
ground state energy through density functional theory (DFT) simulations at the MP2/6-31G*

level.

Water Interactions

CHARMM [29] compatible partial atomic charges for a molecule (BBR) is optimized with a
TIP3P [33] water model. For polyimine linkage of the membrane, the average partial charges
were assigned to symmetrically related atoms in each monomer [26]. FEach partial atomic
charge was fitted by positioning a water molecule near an atom of interest (on BBR molecule)
so that it could donate a hydrogen bond to (or accept one from) the atom. One hydrogen
atom in the water molecule was positioned to face the target atom to facilitate the formation
of a hydrogen bond. In the case of donor atoms, the oxygen atom of the water molecule was
oriented towards the atom. Figure 5.1 depicts the optimized structure (see Figure B.12 for
atom identities) and its interactions with TIP3P [33] water molecules. Nitrogen and oxygen
atoms are considered to be acceptors, whereas carbon atoms are treated as both acceptors
and donors. So, QM calculations performed in both directions and low interaction energies

are considered for optimization for carbon atoms. Hartree-Fock (HF (6—31G*)) level theory
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Figure 5.1: Optimised structure of BBR Water interactions

is employed for finding an optimum distance between the targeted atom and water molecule.
Furthermore, direct interactions between water and carbon were computed for non—sp® carbon
atoms, whereas sp® carbons were chosen to calculate interactions for bonded hydrogen and
water molecules. The flTK generated all QM input configuration files, and the QM calculation
outputs were extracted and optimized to obtain the partial charges of the target atoms. Also,
ffTK optimizes molecule dipole moment along with MM interaction energy and distance with
cutoff ratios of dipole: energy: distance = 1: 1: 3. The optimized partial charges for BBR
are shown Table B.1. During a QM computation, certain atoms in the molecule may sterically
affect how water molecules interact with other atoms than the targeted atoms, and some water
molecules might fly away. In these situations, the ”divide-and-conquer” strategy, which divides
a giant molecule into smaller components while keeping the same atom types as the original
molecule, is advisable. BBR interaction energies with water were calculated from QM and
MM optimization, and the partial charges were tabulated in Table B.2. The average absolute
deviation of MM energies with QM energies is 0.350 Kcal /mol.

Angle Parameter Optimization

The Hessian optimization method was used to calculate the internal coordinates of molecules at
the MP2/6-31G* level of theory [69], optimizing both bond and angle parameters. Frequency
calculations are quite computationally expensive, so Hessian calculations were performed on
a reduced compound in which the sulfate and benzene rings were removed from BBR. Figure
5.2 depicts the reduced structures, and BBR@1 has just 55 atoms while preserving all the

original molecule characteristics we sought to improve. The reduced compound BBR@2 has 33
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() (d)

Figure 5.2: Optimised reduced structure of (a) BBR@1 (b) BBR@2 (¢) TFP—MELQ1 (d)
TFP-MEL@2

atoms and shares only one dihedral (CG2R61-CG321-NG301-CG2R61) of the original molecule.
BBR@1 geometry is used to calculate angles, dihedrals, and improper parameters for BBR,
and TFP—MEL@Q2 is used to calculate angle parameters and some dihedral parameters for the
polymer, whereas TFP—MEL@1 used to derive the rest of dihedral parameters. For the best
fit between the QM and MM, ffTK optimized the bond and angle parameters with energy:
geometry weighting of 2:1. We used this weighting such that energy offsets and geometry
offsets each contribute an equal amount to the penalty. Table B.3 lists angle parameters of
BBR, where Ky reported in Kcal/mol/rad? and 6 in degrees. The penalty angle parameters
C9-N1-Clm or atomtype CG2DC1-NG2D1-CG2R64 from CGenFF is Ky = 100 Kcal/mol/rad?,
6 = 107°, where as Ky and 6 derived from ffTK is 97.007 Kcal/mol/rad? and 117.34°.
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Dihedral Parameter Optimization

The diedral parameters were optimized using MP2(6—31G*) level theory, where MM geometry
dihedral scans were used to fit with QM data. The refined dihedrals were rotated by +90° with
increment of 15°. The penalty dihedrals were optimized with a force constant of 17 Kcal/mol
using different multiplicity combinations for BBR@1 geometry. Initially, a cutoff energy of 12
Kcal/mol is used to cover the potential energy surface of MM geometry and then reduced to 5

Kcal/mol in downhill optimization. The force constant of 12 Kcal/mol was applied to optimize
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Figure 5.3: Dihedral fitting for (a) BBR@1 (b) BBR@2 (¢c) TFP—MEL@1 (d) TFP—MEL@2

BBR@2 geometry dihedral (C4-C7-N1-C10) with an energy cutoff of 5 Kcal/mol. The root
mean square errors (RMSE) of 0.3630 for BBR@1 and 0.1660 for BBR@2 MM energy surface
were maintained while optimizing penalty dihedrals. The fitting of dihedrals is shown in Figure
5.3 for both BBR and TFP-MEL polymer. Tables B.4 and B.5 list the dihedral parameters
for BBR and TFP-MEL polymer, respectively. Cutoff energy of 5 Kcal/mol with the force
constant of 19.5 Kcal/mol was used to fit dihedrals of TFP-MEL polymer.
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Impropers Optimization

Lastly, the improper for CG2DC1-CG2DC2-CG2DC2-NG2P1 atom types of atoms C23-C22-
C20-N2 of BBR fitted in Figure 5.4. Here, we performed impropers optimization for BBR
only; however, the polyimine linkage improper parameters do not have penalties. Improper
optimization is done by performing semi-empirical calculations on MM-generated PES using
the PM6 [65] Hamiltonian. An improper force constant of 12 Kcal/mol and a cutoff of 10
Kcal/mol were maintained in simulated annealing process optimization, and later, the cutoff
energy was reduced to 5 Kcal/mol in the downhill process. Finally, downhill optimization
iterations have reduced the root mean square errors (RMSE) to zero. The optimized force

constant k, and equilibrium constant w, of improper are 0.2055 and zero, respectively.
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Figure 5.4: Improper (C23-C22-C20-N2) fitting of BBR@Q1 geometry.

5.2.2 Construction of Molecular Membrane Model

In this study, the polyimine-based membrane is modeled using triformylphloroglucinol (TFP)
and melamine (MEL) through a heuristic approach based on distance criteria. Molecular dy-
namics simulations were performed using NAMD software [54]. The 3D structures of the
monomers and imine linkages are depicted in Figure 5.5(a-c). Initially, 1000 TFP and 4000
MEL molecules were randomly distributed in a 110 x 110 x 60 A3 computational box using
Packmol [48]. The system was energy minimized for 10 ps and equilibrated for 10 ns in an
NPT ensemble at 300 K and 1 atm. An annealing process was performed in an NVT ensemble,

gradually heating the system to 1100 K and cooling it to room temperature in 50 K steps. At
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(d) (e)

Figure 5.5: 3D structures of (a) triformylphloroglucinol (TFP) (b) Melamine (MEL) (c) Imine-
linkage between TFP and MEL (d) Initial configuration prior to polymerization (color code-
blue for TFP and tan for MEL) (e) RDF between the Aldehyde carbon of TFP and the amine

nitrogen of MEL after annealing in an NVT ensemble.

each temperature step, the system was equilibrated for 100 ps to allow sufficient relaxation.
Upon reaching the maximum temperature, the system underwent an additional equilibration
period of 1 ns. Subsequently, the system was cooled back to room temperature using the
same stepwise approach, ensuring a controlled and uniform temperature transition. Following
this, the mixture (Figure 5.5d) underwent a polymerization process in an NVT ensemble. The
user-defined crosslinking cutoff distance was determined from the radial distribution function
(RDF) between the carbon atom of the aldehyde group (—CHO) in TFP and the nitrogen
atom of the amine group (—NH,) in melamine. As shown in Figure 5.5(e), the crosslinking
criterion was found to be L¢ = 5 A. If the C—N distance between active monomer sites was
less than the cutoff, an imine linkage was formed, and the hydrogen atoms in the —NH, group
of melamine and the oxygen atom in the —CHO group of TFP were removed. The simulation
continued searching for new imine bonds every 10 ps and partial charges were updated for the
imine linkage and neighboring atoms. Average partial charges were assigned to symmetrically
related atoms in each monomer of the polyimine linkage [26]. The schematic representations
of the monomers and imine linkages are provided in Figure 5.6, which also illustrates the par-
tial charges on selected atoms (note that each atom in the simulation has a unique partial

charge). Other forcefield parameters were updated following each imine formation, along with
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partial charges. After each crosslinking step, the system was energy minimized and equili-
brated. As crosslinking progressed, the clusters expanded, restricting monomer diffusion and
gradually slowing the crosslinking process. Initially, bond formation was allowed only when the
distance between C1/C2/C3 of TFP and N1/N2/N3 of MEL was less than 3.2 A. Over time,
this crosslinking distance was increased to 5 A in 0.2 A increments to accelerate the process.

Finally, unreacted monomers were removed from the membrane.

0.419
-0.410 0.347
H

Figure 5.6 The CHARMMS36-compatible force field parameters were obtained from the
CGenFF server. Top panel depicts the schematic representation of 2D structures of individual
monomers and bottom panel represents the polyimine linkage with partial charges. Average
partial charges were assaigned to symmetrically related atoms in each monomers of the poly-

imine linkage.

Our simulated membrane contains more MEL units (1304), with 2012 unreacted functional
groups (—NHj) out of 3912. In contrast, there are 634 TFP units with only two unreacted

—CHO groups out of 1902 functional groups. The polymerized membrane contains various
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polymeric clusters, with the largest comprising 152 and another comprising 146 monomeric
units. The remaining clusters vary in size from 10 to 82 monomeric units. The degree of
crosslinking (DC) is calculated using the following equation from the literature [51, 52]:

100NN

DC =
Ny + Newo + Nyw,

(5.1)

where Ny in Eq 5.1 is the number of imine linkages, Nogo is the number of unreacted —CHO
groups from TFP monomers, and Nyg, is the number of unreacted —NHy groups from MEL
monomers in the membrane. The overall crosslinking degree of the membrane is 48.54%. Ex-
perimentally, thin-film composite membranes of this type have been extensively investigated,
with crosslinking degrees often determined via X-ray photoelectron spectroscopy (XPS) [37].
However, XPS analysis captures only the membrane’s surface, potentially leading to an inaccu-
rate estimation of the overall crosslinking degree. To our knowledge, no experimental reports
are available for direct comparison of the crosslinking degree in membranes synthesized using
TFP and melamine. Although Tiwari et al. [67] reported a polyimine membrane, they did
not specify its crosslinking degree. Generally, nanofiltration membranes exhibit crosslinking
degrees in the range of 25 - 70% [20, 27, 41, 51, 52, 55]. The dry membrane density is 0.78 g

cm 3.

5.2.3 Details of Nanofiltration (NF) Setup

The polymerized membrane was submerged in a pre-equilibrated water box (via VMD [30])
and equilibrated for 10 ns in an NPT ensemble at 300 K and 1 atm. The calculated density of
the hydrated membrane is 1.12 g cm 2. Unfortunately, there is no experimental value reported
on polyimine; however, polymers made out of C, N, and O should not have a very different
value other than polyamide. Typically, polyamide based nanofiltration membranes densities
falls in the range of 1.10 - 1.20 g ecm™ [32, 37, 51]. This hydrated membrane was then used in
the production simulation runs of the nanofiltration (NF) system. A feed solution comprising
a dye (BBR) and NaCl salt was used for the NF simulation. A feed simulation box of 110 x
110 x 80 A% was created, containing 30,522 water molecules, 5 BBR molecules, 331 Na™ ions,
and 326 Cl~ ions to replicate seawater concentration with the dye. The TIP3P water model
[33] was employed to model the water molecules. The feed solution was energy minimized for
20 ps and equilibrated for 20 ns in an NPT ensemble at 300 K and 1 atm. As shown in Figure

5.7, the system consists of the feed solution, hydrated membrane, and a permeate region, with
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graphene sheets acting as pistons at both ends. The NF system was equilibrated for 1 ns in an
NPT ensemble at 300 K and 1 atm. A pressure of 20 atm was applied to the feed-side graphene
piston, while 1 atm was maintained on the permeate-side graphene piston (Figure 5.7).

Piston 2

¢ Permeate

Piston 1

Hydrated membrane
' Feed Solution ¢

P2 = 1 atm—»f : 8 E<—Pl = 20 am

X=Y=110 A, z =300 A

Figure 5.7: The simulation setup consists of NaCl and BBR dye as feed solution, hydrated
membrane, and permeate region. A vacuum of 30 A is applied at both ends of the graphene

pistons in the Z-direction.

The production simulations were performed in the NVT ensemble at 300 K. The van der
Waals interactions were computed between the atoms using Lennard-Jones potential with a
switching distance of 10 A and a cutoff distance of 12 A. Long-range electrostatic interactions
were computed using the Particle Mesh Ewald (PME) method [14], with a grid spacing of
1 A. The Nose—Hoover thermostat [10] is used to maintain the temperature of the system.
The velocity Verlet algorithm [66] is used to integrate the equations of motion. The total
simulation time was 30 ns, with a 1 fs timestep, and trajectories were saved every 20 ps. In
contrast to previous studies where many or all membrane atoms were fixed [17, 24], only 2%
of the membrane atoms were fixed in our simulations. This approach allows the membrane to
respond more dynamically to flow conditions, enhancing accuracy in transport behavior at the
molecular level. However, it may influence macroscale water flux due to membrane compression
under operating pressures [38]. Fixing certain atoms mimics the structure of thin-film composite
(TFC) nanofiltration membranes, where a porous polysulfone (PSF) layer supports the NF film.

Periodic boundary conditions (PBC) were applied in all three dimensions, with a 30 A vacuum
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introduced along the Z-axis at both ends of the graphene pistons. Results were averaged from
three independent simulations, and the PSF support layer was not included in the present

simulations.

5.3 Results and Discussion

5.3.1 Polyimine Membrane Structure

y (g em

all densit;

water,

Membrane,

W
l _(]] 00

Figure 5.8: (a) Density profiles of water, membrane atoms, NaCl, Dye and the wholesystem (b)
PSD of the membrane after NF process (c) Free volume of the membrane after the NF process
(colorcode:blue indicates free volume < 5 A and red indicates free volume > 5 A) (d) 3D free
volume morphology of the membrane after the NF process, where the blue color indicates free

volume accessible to water, and the gray color represents the occupied volume of the membrane.

The structural properties of the polyimine-based membrane were characterized by analyz-
ing atomic density profiles along the normal direction of the membrane, pore size distribution
(PSD), and the order parameter of benzene rings. Figure 5.8a shows the density profile of mem-
brane atoms, water, ions, and dye. The density profiles of salt ions reveal that ions permeate

the membrane while dye molecules are rejected, demonstrating selective permeability of the
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membrane. To explore the impact of the polyimine membrane structure on water transport,
we analyzed its pore structure at the molecular level, focusing on water-accessible space. The
free volume of the membrane significantly impacts its selectivity, influencing its suitability for
specific separations. The nature of the monomers and cross-linking degree play key roles in
shaping the pore structure of the membrane. The Monte Carlo method [8] was used to calculate
the PSD. Before computing PSD, water, NaCl, dye, and graphene sheets were removed from
the simulated NF system. PSD was computed at every 1 ns for the last 10 ns of simulation
over three independent systems, using a 1 A probe. Figure 5.8b shows the PSD of the mem-
brane, with notable pores ranging from 1.25 to 12 A and prominent radii between 4 and 7
A. Typically, nanofiltration membranes have similar pore size distribution in the membrane
20, 27, 41, 51, 52|. Figure 5.8c illustrates the free volume of the membrane accessible to water
molecules, with blue representing pores smaller than 5 A and red representing pores larger
than 5 A, based on Monte Carlo PSD data processed in MATLAB [49]. Additionally, the 3D
morphology of the free volume was computed using Materials Studio [1], where blue indicates
water-accessible free volume and gray represents the occupied volume of the membrane atoms

(Figure 5.8d).

The local structure of the membrane was further analyzed using Herman’s order parameter
to assess the isotropy and interactions between neighboring benzene rings. The order parameter
S(r) is defined as:

3Co0s%(0(r)) — 1
b )

S(r) = { (5.2)

where 6 in Eq 5.2 is the angle between the normal vectors of two neighboring benzene rings
at a radial distance r. S(r) ranges from 0 to 1, with S = 0 indicating a fully isotropic struc-
ture and S = 1 representing completely ordered packing [63]. As shown in Figure B.13a, a
sharp peak at r = 4.3 A in the S(r) profile indicates 7 - 7 stacking interactions (see Figure
B.13b). These interactions decay rapidly and reach zero at r = 6.7 A, indicating no multiple
benzene ring stacking. This rapid decay suggests short-range anisotropic interactions between
benzene rings [73]. Although no experimental data exists on the atomistic local structure of
polyimine thin films, similar stacking structures of aromatic rings have been studied in pro-
teins [47]. Additionally, polyimine membranes are known to undergo enol-keto tautomerization
(36, 67]. Figure B.14 shows that the simulated membrane exhibits an enol structure, likely due

to intramolecular hydrogen bonding between the hydroxyl group hydrogen atom of the TFP
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monomer and the nitrogen atom of the imine linkage, with a bond distance of 1.93 A.

5.3.2 Water Structure

The water structure was characterized using radial distribution functions (RDF), defined as

[31]:

po(r)
Po

where po(r) in Eq 5.3 is the local water oxygen atoms density at distance r, and po is the overall

gio(r) = (5.3)

water oxygen density in the system. RDFs for water oxygen (OW) atoms were analyzed in the
feed solution and inside the membrane. The first peak appeared at 2.75 A in both environments
(see Figure B.15a). The variations in RDF intensities indicated differences in hydrogen bonds
(HB) per water molecule and coordination number (Figure B.15b). Integrating the RDF up to
a 3.25 A cutoff revealed coordination numbers (N.) of 3.9 within the membrane and 4.3 in the
feed solution, suggesting a decrease in hydrogen bonds per water molecule inside the membrane
(Figure B.15c). A similar approach for computing HBs was used in our previous work [51, 52].
The RDF between hydrogen (HW) and oxygen atoms of water molecules is shown in Figure
B.15d. The first minima at 2.45 A indicated hydrogen bond formation with neighboring water
molecules, with slightly higher peak intensity inside the membrane due to the excluded volume
effect [16, 51]. In the feed solution, 0.9 OW around HW and 1.9 HW around OW, resulting in
3.8 HBs per water molecule. Inside the membrane, 0.9 OW around HW and 1.8 HW around
OW, resulting in 3.6 HBs per molecule. Including HBs with membrane atoms, each water

molecule formed 0.3 HBs with the membrane, resulting in 3.9 HBs inside the membrane.

5.3.3 Permeance and Pathways Mechanism

The water permeance of the polyimine-based membrane is determined by calculating the av-
erage number of water molecules permeating the membrane in a simulated time. Based on
this number of molecules, the water permeance is calculated as V/(A.t.AP), where V is the
volume of the water permeated through the membrane area (A) in a simulated time (t). Un-
der transmembrane pressure, water molecules from the feed solution permeate the polyimine
nanofilm towards the permeate region. Figure 5.9a shows the net count of water molecules
permeating the nanofilm with time. The net water permeance in our study is 8.3 £ 0.3 x 103

Lm~2hr~'bar~!. Support membranes formed by phase inversion typically have a porosity of
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Figure 5.9: (a) Time evolution of water molecules permeating the membrane (b) Pathways of
selected water molecules with the membrane (c¢) Trajectories of selected water molecules as a
function of time (d) Trajectories of selected water molecules represented in a 2D XZ plane (e)
3D Schematic representation of the polyimine-linkage with atom identities (f) RDF between
water oxygen atoms and membrane atoms; here, C!, O? profiles are not shown due to negligible

peaks as our membrane contains only two unreacted —CHO groups.

10%. Considering the porosity of the support membrane in a thin film composite membrane, a
typical support porosity of &~ 10% is expected. This would yield only 10% of the overall water
permeance through the composite membrane compared to the permeance of the nanofilm layer
alone. Additionally, the experimental membrane (the polyimine separation layer) is nearly 10
times thicker than our simulated nanofilm. This would reduce the water permeance of the com-
posite membrane proportionally, considering the convective flow in nanofiltration membranes.
Considering the thickness of the separation layer and the effect of the porosity of the support
membrane, and assuming that permeance decreases linearly with thickness, the normalized
water permeance would be nearly 100 times lower than the computed water permeance in the

case of a composite membrane. Thus, an approximated normalized water permeance would
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be nearly 83 Lm~2hr~'bar~!, which is comparable with the experimentally reported value by
Tiwari et al. (i.e., 78 Lm~2hr~'bar™!) [67] and others [37, 57].

To understand the water transport mechanism through the polyimine membrane, we present
the trajectories of a few selected water molecules. Figure 5.9b shows pathways of selected
water molecules along the membrane. Figure 5.9¢ displays these trajectories as a function of
time, revealing that after entering the membrane, some water molecules exhibit slow local mo-
tion before jumping to the permeate side, while others under to-and-fro motion between the
membrane and feed side before permeating. Molecular dynamics simulations provide insights
into molecular-level transport by tracking individual water molecules. Although many water
molecules permeated the membrane, we depicted only five in Figure 5.9d for clarity, showcasing
their 2D XZ pathways (see Figure B.16 for 2D YZ plane). Each line segment traces a water
molecule path from the feed solution through the membrane to the permeate side. Initially,
these molecules follow random Brownian motion, influenced by interactions with surrounding
water and solute molecules. Upon reaching the interfacial region of the membrane, they traverse
quickly through some regions but appear momentarily trapped in others, likely within voids or
pores present in the membrane. For instance, the water molecule (black line segment) follows
a random path within a pore, interacting with water and membrane chains while remaining
confined. This pore is approximately 15 A in diameter (30 A<7Z <45 A) The molecule then
swiftly jumps to an elongated pore (5 A<Z<25 A), as seen in Figure 5.9d. It transitions to
another pore at Z = 5 A, then hops to another pore and eventually reaches the interfacial region
(Z = 0 A) before exiting to the permeate side. Other water molecules follow similar mechanisms
with distinct permeation pathways (Moviel). While traversing the membrane, water molecules
interact with the membrane atoms. These interactions were quantified by computing pair cor-
relation functions. Figure 5.9e depicts the imine-linkage structure, showcasing atom identities.
Figure 5.9f depicts the g(r) for water oxygen atoms around selected membrane atoms. Peaks
at r = 3.15 A around the nitrogen (N') atom of unreacted amine (—NH,) groups and r = 3.25
A for oxygen (O') of hydroxyl groups indicate preferential interactions with these functional

groups while transporting through the membrane.

143
TH-3659_196107005


https://drive.google.com/file/d/1k-8jPP-qbp87bM_Ip69a8iO-OIZT4cHL/view?usp=sharing

Chapter 5. High-Performance Polyimine-based Membranes in Nanofiltration

Bulk Na* Bulk Na™
- |

Confined Nat - — - Confined Na*™ - — -
8 Cl~ - - 4 Cl~ - -

&(r)ow-nact

t(ns)

(d) ()

1 A
0 e 000 Nt
Na*

3000 Cl” o

i -.l,l,,-H,l

15
8
o 3

Keal /mol)
Distance (A)

Hydration number

—2000

—3000

—4000 = - = v -
0 . . . . A o ¢z ¢ ¢ o 02 N N NS . . R . .
—40 -20 0 20 40 60 80 100 120 140 W ey G 0 5 10 15 20 25 30
7 () Simulation time (ns)

(g) (h) (i)

Figure 5.10: (a) Pathways of selected Na™ ions with the membrane (b) Trajectories of selected
Na' ions with time (c¢) Pathways of selected Cl~ ions with the membrane (d) Trajectories of
selected CIt ions with time (e) The RDF between water oxygen atoms with NaCl salt ions (f)
The RDF between water hydrogen atoms with NaCl salt ions (g) Hydration number profile
along the Z-axis (dot-dash line represents the membrane) (h) Electrostatic interaction energies
between NaCl ions with membrane atoms; here atom identies same as Figure 5.9¢ (i) COM

distance between chloride salt ions with MEL heterocyclic ring and TFP benzene ring

5.3.4 Dynamics of Chloride Salt and BBR Dye

To understand the ion transport through the membrane, trajectories, ion-water pair correlation

functions, and electrostatic interaction energies were computed. Figure 5.10a illustrates the
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Figure 5.11: (a) Trajectories of BBR dye with time (b) Snapshot of the BBR dye reaching
to the membrane surface and getting rejected via strong interactions between benzene rings
(heighlighted in green color) of dye and TFP monomer of the polyimine membrane (c) Inter-
action energies between BBR dye and membrane surface (d) Interaction energies of BBR dye

with benzene rings of TFP and heterocyclic ring of MEL on the membrane surface

pathways of selected Na™ ions through the membrane. As depicted in Figure 5.10b and Figure
B.17(a, b), few Na' ions exhibit slow local motion within the membrane before eventually
moving to the permeate side. In contrast, few others oscillate between the membrane and feed
solution before permeation. Similarly, C1~ ions also permeate the membrane, as shown in Figure
5.10(c, d) (see Figure B.17(c, d) for 2D plane trajectories). The radial distribution function
(RDF) between oxygen atoms of water molecules and chloride salt ions is elucidated in Figure
5.10e. Distinct peaks in the RDF are observed, notably a sharp peak at r = 2.35 A for Na™ and
r = 3.15 A for Cl~ ions in the feed solution, indicative of a higher number of water molecules in
their hydration shells. Inside the polyimine membrane, the RDF profiles for chloride salt ions
exhibit a less pronounced peak intensity, reflecting a decrease in a number of water molecules
in the hydration shell (Figure 5.10e). Examining the RDF between the hydrogen atoms of
water molecules with salt ions (Figure 5.10f), the first maxima occurs at 3.15 A for Na* and

2.25 A for C1~, agree with previously reported hydrated radii (3.2 A for Na* and 2.5 A for
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Cl7) [45]. The decrease in RDF intensity signifies a small reduction in the number of water
molecules within the ion hydration shell, as evident in Figure 5.10f. To quantify this reduction,
the number of water molecules within the hydration shell is used to compute the hydration or
coordination number of Na* and Cl~ ions. The cutoff radius, derived from Figure 5.10f, is set
at 3.1 A for Na® and 3.89 A for C1~. The resulting hydration number profile along the Z—axis,
as illustrated in Figure 5.10g, reveals an average hydration number of approximately 5.6 for
sodium ions and 7.8 for chloride ions in the bulk feed solution, in agreement with the existing
literature [18]. Within the membrane, a reduction is observed, with a hydration number of 4.9
for Nat and 6.8 for C1~. The reduction in hydration number is insignificant since the pore size
is much higher than the ions hydration radius. As the simulation progresses, salt ions diffuse
into the membrane and traverse to the permeate region (Movie2). Figure 5.10h presents the
electrostatic interaction energy profile for chloride salt ions with membrane atoms, indicating
that the salt ions exhibit strong interactions with melamine atoms during transport through the
membrane. This observation is further supported by the van der Waals interaction energies (see
Figure B.18a). To elucidate the role of functional groups in chloride salt transport, we analyzed
the functional groups of the membrane within 5 A along the ion trajectory. Figure B.18(b-e)
shows the functional groups present in the membrane along the ion trajectory. Even though
—OH groups on the TFP molecules interacting with the salt ions (see Figure 5.10h), Figure 5.10i
and Figure B.19 suggest that permeated chloride salt is transported near melamine heterocyclic
ring, indicating that it plays a significant role in salt transport compared TFP benzene ring.
Based on the ion concentrations in the feed solution (cs) and the permeate region (c,), the
rejection is computed using (1 - (c,/cr)) x 100. The chloride salt rejection was found to be

34%, close to the experimentally reported value of ~20% [67].

The rejection of BBR dye molecules was analyzed to assess membrane performance. Figure
5.11a shows the trajectories of selected dye molecules along the Z-axis as a function of time,
revealing that none of the BBR molecules penetrated the membrane, indicating 100% rejection.
As time progressed, the dye molecules approached closer to the membrane surface and began
interacting with it (Movie2). Figure 5.11b illustrates that upon reaching the membrane surface,
the dye was rejected due to strong interactions between the benzene rings of the dye and
the TFP monomers on the membrane surface. The interaction energy was predominantly
hydrophilic, with Lennard-Jones (LJ) forces playing a more significant role than Coulombic

interactions (Figure 5.11c). Additionally, we computed the interaction energies between the
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5.4. Conclusions

dye and the TFP benzene rings and the MEL heterocyclic rings on the membrane surface
(Figure 5.11d). These results indicate that TFP benzene rings and dye interactions significantly
contributed to the total interaction energy compared to the MEL heterocyclic ring, promoting
dye rejection. Experimental studies have further shown that negatively charged BBR dye is

preferentially rejected by polyimine-based nanofilms, with minimal salt rejection (~20%) [67].

5.4 Conclusions

Non-equilibrium molecular dynamics simulations were performed on a polyimine-based mem-
brane, where the feed solution consists of NaCl salt and dye in water. We observed that this
polyimine membrane exhibits a high water permeance of 8.3 x 10® Lm~?hr~'bar~!, complete
rejection of BBR dye (100%), and selective passage of chloride salt (i.e., rejection = 34%).
Our study suggests that, while chloride salt ions permeate the membrane, they permeate near
the melamine heterocyclic ring compared to the benzene ring of the TFP monomer in the
membrane, and dye is rejected due to strong interactions between the benzene rings of dye
and the TFP monomer on the membrane surface. This study suggests that monomers with
non-aromatic rings are the preferred choices for the permeation of monovalent salt. Analysis
of NaCl and dye trajectories and salt ion interactions with membrane atoms suggests that the
membrane allows chloride salt permeation while completely rejecting dye, enabling efficient
dye separation using a polyimine membrane. Such a membrane, capable of rejecting dye while

allowing NaCl passage, could significantly enhance wastewater treatment in the textile industry.
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Chapter 6

Investigating Solvent Activation of
Polyamide Nanofilm Composite
Membranes: Insights from
Experimental and Molecular Modelling

Approachesl

6.1 Introduction

Membrane-based separation processes using nanofilm composite membranes hold significant
potential in organic solvent nanofiltration for removing undesired organic molecules from or-
ganic solvents, size-selective molecular separation from mixed solutes, and solvent recycling [1].
These membranes are widely used for reverse osmosis applications and are generally fabricated
via interfacial polymerization using traditional monomers such as m—phenylenediamine (MPD)
and trimesoyl chloride (TMC) which produces a network crosslinked fully aromatic polyamide
structure with a molecular weight cut-off (MWCO) of ~300 Da [2]. Additionally, advanced ma-

terials and fabrication methods, including intrinsically microporous polymers [3, 4], spiro-cyclic

LG. Nagendraprasad, Pulak Sarkar, K. Anki Reddy, C. Das, Manas Ranjan Puhan, S. Karan, Investigating
Solvent Activation of Polyamide Nanofilm Composite Membranes: Insights from Experimental and Molecular

Modelling Approaches, submitted to Journal of Membrane Science.
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polymers [5], covalent organic frameworks (COFs) [6], and conjugated microporous polymers
(CMPs) [7], have also been developed using solvent-stable supports to produce membranes with
superior solvent permeance. However, their economic viability for industrial-scale applications
remains a key concern.

To address this, the effect of post-solvent-activation of traditional fully aromatic polyamide
membranes has been studied in recent years [2, 8-15]. Furthermore, the impact of treat-
ing polyamide membranes with alcohols [9-12], polar aprotic solvents [2, 8], or their aqueous
mixtures [13-15] has been widely studied. These treatments show variable outcomes, with
permeance enhancements often being negligible or accompanied by compromised salt rejection
[9-15]. For instance, mild solvents like aliphatic alcohols result in minimal improvements in
water permeance [9-12], while stronger solvents such as N-methylpyrrolidone (NMP), dimethyl-
formamide (DMF), and dimethyl sulfoxide (DMSO) significantly enhance water permeance but
often reduce NaCl rejection [13-15]. Despite these challenges, solvent activation has shown
potential for repurposing high salt-rejecting brackish water reverse osmosis (BWRO) mem-
branes into nanofiltration (NF) membranes with reduced NaCl rejection while retaining high
rejection of divalent anions [15]. Short-term activation with polar aprotic solvents or their
aqueous mixtures induces swelling and performance changes in polyamide membranes [14, 15].
Although water permeance may significantly increase after post-activation, the permeance of
aqueous solutions containing polar aprotic solvents remains relatively low [14]. These perme-
ance enhancements are primarily attributed to the activation effects of polar aprotic solvents
on aromatic polyamide membranes derived from MPD and TMC monomers. However, semi-
aromatic polyamide membranes (e.g., PIP-TMC and PEI-TMC) show minimal improvement
with mild polar solvents like methanol or ethanol compared to strong polar aprotic solvents
[8, 10, 12]. Activation with DMF has also been shown to improve methanol permeance while
maintaining dye rejection [2].

Despite these advances, the full potential of polyamide nanofilm composite membranes for
their applications in various organic solvents remains largely unexplored. Further research is
required to better understand their separation properties, selective ion transport behaviour in
aqueous phases, and the structural dynamics of their interactions with solvents. The structural
modifications of nanofilms following post-solvent activation need to be examined in detail to elu-
cidate changes in pore size distribution and their correlation with solvent permeance. Concerns

also persist regarding the structural stability of post-solvent-activated nanofilms, particularly
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in the absence of solvent or during solvent exchange processes.

In this study, we investigate the behaviour of solvent permeation through post-solvent-
activated polyamide membranes, validated by molecular dynamics (MD) simulations. Experi-
mentally, a freestanding polyamide nanofilm was synthesized via interfacial polymerization at
the water-hexane interface and transferred onto a porous alumina substrate. A corresponding
model polyamide nanofilm was designed for simulation studies, where equilibrium molecular
dynamics (EMD) simulations analyzed its structure and properties. The simulation results
corroborate experimental findings, offering insights into density profiles, pore size distribu-
tion, solvent uptake, and solvent permeance. Additionally, the mechanism of solvent transport
through the membrane, including solvent pathways and interactions, was elucidated. These
findings provide a comprehensive understanding on the permeation behaviour of polyamide
membranes in methanol and DMF, paving the way for optimized applications and identifying

their limitations.

6.2 Simulation Methodology

6.2.1 Construction of the Atomic Model of the Membrane

All molecular dynamics (MD) simulations were performed using NAMD [16], with force field
parameters compatible with CHARMMS36m obtained via CGenFF v2.5 [17, 18]. The average
partial charges were assigned to symmetrically related atoms in each monomer [19], and their
2D schematic structures with partial charges on the atoms are presented in Figure 6.1. A
computationally constructed crosslinked polyamide membrane was generated via a heuristic
approach. Initially, 1500 MPD and 960 TMO monomers, whose 3D chemical structures are
depicted in 6.2(a,b), were randomly distributed within a simulation box (100 A x 100 A x
50 A) using PACKMOL [20], as illustrated in Figure 6.2d. The randomly packed monomeric
mixture was energy minimized and equilibrated at constant pressure for 5 ns under periodic
boundary conditions. Subsequently, the system was annealed at 1100 K for 1 ns under constant
volume, followed by a gradual cooling to 300 K in 50 K steps. The simulation was then
continued in an NVT ensemble at 300 K but interrupted every 5 ps to form amide bonds
by removing a —OH from the TMO carboxylic (—COOH) group and a hydrogen atom in

—NH; from the MPD monomer (see 6.2c) when a TMO monomer was within a user-defined
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Figure 6.1: CHARMMS36m general force field was used for MPD, TMO and amide linkage.
Cgenff server is used to obtain the CHARMM compatable force field parameters for monomers
and amide linkage. Average partial charges were assaigned to symmetrically related atoms in

each monomers

distance (see Figure 6.2¢). This user-defined distance varied from 3.5 A to 4.5 A with a step
of 0.2 A (incremented for every 200 steps). Following each crosslinking event, the system was
energy minimized and equilibrated to identify new amide bonds. Figure 6.3a illustrates the
number of bonds formed during each 5 ps cycle, demonstrating the formation of polymeric
clusters within 1 ns. After 1 ns, the formation of new amide bonds slowed significantly as the
crosslinked monomer clusters grew, hindering further monomer diffusion. After continuing the
polymerization process for 5 ns, unreacted monomers were removed from the simulation box

resulting in a polymerized membrane. This polymerized membrane comprises several polymeric
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Figure 6.2: (a) m—phenylenediamine (MPD) (b) Hydrolysed trimesoyl chloride (TMO) (c)
Amide linkage between MPD and TMO (d) Initial configuration prior to polymerization (color
code: blue for MPD, yellow for TMO) (e) RDF between the carbon atom of a carboxylic acid
group (—COOH) of TMO and the amide group (—NH;) nitrogen atom of MPD after annealing

in an NVT ensemble.
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Figure 6.3: (a) Number of amide bonds formed during polymerisation (b) Top view of poly-

merised clusters in the membrane (c) Side view of polymerised clusters in the membrane

chains with different number of monomers. As shown in Figure 6.3 (b, ¢) the largest polymer
chain contains 204 monomeric units, while another polymer chain consists of 134 units. The
remaining polymer chains within the membrane contain between 10 and 72 monomeric units.

The degree of crosslinking was determined using the equation provided in the literature [21].

100Ny

— 6.1
Ny + Ncoon + Nym, (6.1)

DC

160
TH-3659_196107005



6.2. Simulation Methodology

where Ny is the number of amide—linkages, Nopog is the number of unreacted —COOH groups
of TMO monomer and Nyp, is the number of unreacted —NH, groups of MPD monomer in
the membrane. The crosslinking degree of the membrane was found to be 69.8%, which is
consistent with the value from the previously reported atomistic simulations [22]. Addition-
ally, the monomeric ratio between MPD and TMO (1.46), the oxygen-to-nitrogen ratio in the
amidelinkage (1.24), and the dry membrane density (0.80 g cm™3) were in agreement with the

values reported in previous simulation studies [22-24].

6.2.2 Equlibrium Molecular Dynamics Simulations

(@ (b)

Figure 6.4: (a) Membrane is submerged in methanol (b) Membrane is submerged in DMF

To understand the transport of methanol and DMF in a polyamide membrane, we solvated
the dry membrane (M) in equilibrated solvents separately. The resulting systems (Figure 6.4)
were labeled My (dry membrane equilibrated in methanol) and M3 (dry membrane equilibrated
in DMF). These systems were further equilibrated for 100 ns in an NPT ensemble at a tempera-
ture of 300 K and a pressure of 1 atm. The DMF was then removed from M3, and again, it was
equilibrated in methanol, creating the My system. The M, system was then equilibrated in an

NPT ensemble at 300 K and 1 atm pressure for 100 ns. In this process, some of the membrane
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atoms were constrained. Later, methanol was removed from the equilibrated My membrane,
and subsequently, the resulting system was further equilibrated in the NPT ensemble for 30
ns to get a dry membrane (Mj). This process is considered a single cycle of DMF activation.
The interactions of the membrane with the solvents were considered as a combination of van
der Waals (vdW) and electrostatic interactions. The vdW interactions were calculated using
the Lennard-Jones potential with a cut-off distance of 12 A and a switching distance of 10 A,
and the long-range electrostatic interactions were evaluated by the Particle Mesh Ewald (PME)
method with a grid spacing of 1 A [25]. The temperature was maintained using a modified
Nose-Hoover thermostat [26], and the pressure was controlled using Langevin dynamics with a
damping factor of 5 ps™*[27]. The velocity Verlet integrator [28] is used to integrate the equa-
tions of motion, and the time step was set to 1 fs with trajectories saved every 20 ps. Periodic
boundary conditions (PBC) were applied in all the three directions. The results presented in
this manuscript are averaged over three independent simulations, we consider the last 30 ns of

the simulation run to compute density, pore-size distribution, solvent flux, and free energy.

6.3 Results and Discussion

6.3.1 Molecular Dynamics Simulation Study of the Membrane and
the Effect of Solvent Activation

Table 6.1: Density of the membranes

Serial no. Membrane name Conditions p (g.cm™3)
1 M, Dry membrane 0.80
2 M, M; in methanol 1.06
3 M; M; in DMF 1.08
4 My DMF —activated membrane (M3) in methanol 0.97
5 M5 M, after drying 1.29

To further provide insights on the influence of solvent activation in the permeation of the

solvents through the polyamide nanofilm, we performed atomistic molecular dynamics (MD)
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simulations. A single cycle of DMF activation followed by drying of the polyamide membrane
was considered to investigate the structural properties of the solvent-activated membranes and
solvent transport inside the membrane. To analyse the membrane structure, we computed
the density profiles of the solvent and membrane atoms in the simulation system along the z-
direction. The bulk densities of the membranes are shown in Table 6.1. Figure 6.5a shows the
mass density profile of methanol molecules inside the membrane (My) and the overall simulation
system, it suggests that the density of the membrane in methanol after DMF activation (My)
is lower than that of the membrane in methanol before DMF activation (Mz) due to swelling.
Figure 6.5b represents the mass density profile of DMF molecules inside the membrane (Mj) and
the overall system. Additionally, Figure 6.5¢ shows the mass density profile of the membranes
and highlights the significant increase in the dried membrane density due to a decrease in the
free volume in the membrane (Table 6.1).

The pore size distribution (PSD) of the membranes was computed using the Monte Carlo
method [29] with a 0.5 A radius spherical probe. The PSD of each membrane is displayed in
Figure 6.5(d-h). Before calculating the PSD, the methanol and DMF within the membrane
were removed from their respective simulation systems. The result shows that the pore radii
within the M; membrane range from 0.6 — 5.4 A, with prominent pores ranging from 1 — 4
A. The pore radii for My, Ms, and M, range from 0.6 - 6 A, with prominent pores ranging
from 2 — 5 A. As shown in Figure 6.5¢ and f, the pores with slightly larger areas appear in the
DMF-activated membrane (Mj) as compared to the membrane in methanol (Ms) solvent due
to the swelling effect. In addition, for the dry membrane (Mjs) after DMF activation, the pores
get narrower due to the structural re-arrangement in the membrane. Based on the PSD data, it
is evident that the choice of solvent plays a crucial role for the overall structural modification of
the membrane, and predominant structural modification was observed for the DMF-activated
membrane. To better understand the structural modifications upon solvent activation, the
3D morphology of the membranes is presented in Figure 6.6. The grey colour indicates the
occupied volume of the membrane and the blue colour indicates the accessible volume for the
solvent transport.

To further understand the membrane interaction with methanol and DMF, we computed
the solvent uptake, defined as Mgoivent/Mpotymer X 100%, where myoipent and Mpoiymer are the
masses of solvent and polymer, respectively. The solvent content as a function of time inside

the membrane is shown in Figure 6.7a. The amount of DMF uptake was found to be <150
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Figure 6.5: Density profiles of the polyamide membranes used in molecular modelling. Where
(a) Density profiles of methanol inside the membrane, membrane (M, and My), and the overall
system. (b) Density profiles of DMF inside the membrane, membrane (M3), and the overall
system. (c) Density profiles of the nanofilms (d), (e), (f), (g), (h) shows the pore size distribution
of My, My, M3, My, and M5, respectively.

wt% in the membrane (Mj). The DMF-activated membrane exhibits a much higher uptake
of methanol (~220 wt%) in the membrane (M) than the methanol uptake (=60 wt%) in
the non-DMFactivated membrane (Ms). The smaller kinetic diameter of methanol helps to
accommodate the higher amount of methanol molecules inside the membrane compared to
DMF. For comparison, polyamide-based TFC membranes may swell up to 109 wt% in methanol
and 140 wt% in DMF [30, 31]. Our simulated results are consistent with these experimentally
reported values [30, 31].

To understand the impact of solvent activation and transport, the free energy barrier for
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Figure 6.6: Three-dimensional (3D) view of the simulated polyamide membrane’s free volume
as a result of molecular modelling. Where M; represents the 3D morphology of the dry mem-
brane, My represents the 3D morphology of the dry membrane in methanol, M3 represents the
3D morphology of the DMF—activated membrane, M, represents the 3D morphology of the
membrane in methanol after DMF activation, and M5 represents the 3D morphology of the dry
membrane after DMF activation. The voids in the membrane models are shown by the gray

shading, while the openings to the voids are shown in blue.

the solvents along the membrane thickness (Z-axis) was computed using below equation [32]:

F(Z) = —kBTln% (6.2)

where F(Z) is the free energy profile, p(Z) is the density profile at position Z, kg is the Boltz-
man constant, and T is the temperature. Figure 6.7b plots -kpTIn(p(Z)/p) of methanol and
DMEF along the Z-direction of the membranes (Mg, M3, and My). It is observed that My mem-
brane exhibits the greatest energy barrier for methanol transport, followed by M3 membrane;
M, shows the lowest barrier, concluding DMF —activated membrane provides high methanol
transport.

Solvent flux is determined by the solvent-membrane affinity combination with the physic-
ochemical properties of that solvent. The solvent flux, influenced by the solventmembrane
affinity, was determined by counting the number of molecules that permeated through the
membrane in a simulated time. In equilibrium molecular dynamics (EMD) simulations, no ex-

ternal pressure is applied; solvent flux relies solely on the thermal motion of solvent molecules.
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Figure 6.7: Swelling dynamics: (a) solvent content in the inner layer and (b) Free energy
profiles for methanol and DMF solvents along the membrane thickness (Z-axis direction); The
solvent molecule trajectories through the membranes are shown in (c-e) where (c) represents
the pathways of methanol molecules in the My membrane, (d) the pathways of DMF molecules

in the M3 membrane and (e) the pathways of methanol molecules in the M, membrane.

Solvent molecules permeate at equal rates in both directions (+Z or -Z). The solvent flux is
then calculated using the formula V/ (2. A.t), where V is the volume of solvent permeated
through the membrane area (A) over the simulation time (t). Figure B.20 displays the solvent
flux of solvent-induced membranes, showing that the DMF-activated membrane (M,) exhibits
a higher solvent flux than the non-DMF-activated membrane (Ms). Specifically, the simulated
methanol solvent flux through membrane M, is 4.48 x 10* Lm~thr~!, DMF solvent flux through
membrane Ms is 0.35 x 10* Lm~thr~!, and methanol solvent flux through membrane My is 9.59
x 10* Lm~'hr~!. Additionally, it is significant that methanol permeance through the DMF-
activated membrane increased significantly which was also validate the experimental results. It
is important to note that the simulated results we obtained were higher than the experimental
values. As a result, the data of macroscale solvent flux from experimental research may not

be precisely replicated by these simulated membranes. However, the simulated membranes
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Figure 6.8: Path of the solvent molecule trajectories through the membranes. Where (a)
Trajectories of methanol molecules in the My membrane represented in XZ 2D plane, (b)
Trajectories of DMF molecules in the M3 membrane represented in XZ 2D plane, (¢) Trajectories
of methanol molecules in the M, membrane represented in X7 2D plane. The RDF between
the oxygen atoms of methanol and DMF solvents is computed with the membrane functional
group atoms. Here N! indicates the nitrogen atoms in unreacted —NH, groups, N? represents
the nitrogen atoms in amide linkage, O! represents the hydroxyl group oxygen atoms of TMC
monomers, O? represents the oxygen atoms in —C=0 of —COOH in TMC monomer, and O3
represents the oxygen atoms in amide linkage. (d) The RDF of My membrane with methanol
solvent (e) The RDF of M3 membrane with DMF solvent (e) The RDF of My membrane with

methanol solvent

atomic-level structure is sufficient to provide insight into; how the membranes Angstrom-scale
molecular structure affects the solvent transport. Additionally, the trajectories of methanol
and DMF molecules were computed as they permeate through the membrane. The selected
solvent molecule pathways are shown in Figure 6.7c—e, even though many solvent molecules
permeated through the membrane. Figure 6.7c illustrates the trajectories of the methanol
molecules through My, while Figure 6.7d shows the trajectories of the DMF molecules through
Mj. Figure 6.7e represents the pathways of methanol molecules through M.

To investigate the solvent transport mechanism through the membranes, individual molec-
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ular pathways were observed. Figure 6.8a—c shows the pathways of selected solvent molecules
in a 2D plot on the XZ plane (see Figure B.21 for the 2D YZ plane). From the trajectories
of methanol molecules in Figure 6.8a, molecules follow a random path as they interact with
the neighbouring molecules and membrane atoms. Before entering the membrane, molecules
return to bulk methanol solution and reach the membrane boundary as neighbouring molecules
buffet them. As indicated in the line segment (magenta colour), the molecule follows a random
path as it occupies the pore by interacting with membrane atoms and solvent molecules. This
pore appears smaller around 10 A in diameter but elongated to 30 A (from 30 - 60 A on the
X-axis). Later the molecule hops into another wider pore, buffet with the existing molecule,
and occupies the pore. Finally, the molecule comes out of the membrane toward the right
side. It is observed that most methanol molecules follow similar pathways from one side to the
other. The DMF molecules exhibit similar transport mechanisms, however, the specifics vary
depending on the exact trajectory and, to some extent, on molecule size. For example, the
methanol molecule in Figure 6.8a remains trapped near the left boundary of the membrane.
However, the molecule quickly travels to the other side of the membrane. The random move-
ments of the solvent molecules within the pores and interactions with the membrane atoms,
enable the solvents to pass through the membrane. The trajectory of DMF molecules in Fig-
ure 6.8b differs slightly from the methanol molecules; the pore volumes are larger and broader
than the methanol-induced membrane. However, because of its larger size and associated steric
effects, it has a narrower trajectory with limited freedom to move randomly within the pore
than methanol molecules. Similarly, we have quantified the pathways of methanol molecules
in the My membrane as shown in Figure 6.8c. Here, methanol molecules easily permeated
through the membrane, unlike the My membrane due to the availability of free volume within
the membrane. The radial distribution functions g(r) are also computed to understand the
membrane-solvent interactions in solvent transport.

Nij<r7 T+ AT’)V
47TT2ATNiNj

gij (1) = (6.3)

where r is the distance between atoms i and molecules j, N;;(r, r + Ar) is the number of atom
j around i within a shell from r to r + Ar, V is the system volume, and N; and N, are the
numbers of atoms i and j, respectively. Figure 6.8(d-f) illustrates the g(r) for the solvents
around the selected atoms of the membrane. For both solvents, a high peak at about 2.75 A is

observed around the oxygen atom (O') and 3.05 A for nitrogen (N') atoms in the membrane.
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This illustrates that methanol and DMF solvents interact preferentially with the unreacted

functional groups of the membrane.

6.3.2 Experimental Validation on DMF Activation of the Polyamide

Membrane on the Permeance of Methanol

While the present thesis primarily focuses on atomistic simulations, for completeness of the
present chapter, we have validated the permeance behavior of polyamide membranes through
four cycles of DMF activation. These experiments were conducted by Dr. Santanu Karan,
Principal Scientist in the MS&ST Division at CSIR-CSMCRI, Bhavnagar, Gujarat, India.
This chapter has been submitted to the Journal of Membrane Science as a collaborative work,
integrating experimental and atomistic insights. The detailed experimental procedures are
provided in Appendix B.3 of this thesis.

To evaluate the effect of DMF activation on the permeance of methanol through polyamide
membrane, the initial methanol permeance was measured. The membrane was then activated by
passing DMF through it for 15 min at an operating pressure of 1 bar at 25 °, followed by washing
with methanol. The methanol permeance was subsequently re-measured, and the membrane
was dried. This sequence of steps is referred to as a cycle of activation. Figure B.23a illustrates
the methanol permeance before and after DMF activation, as well as following the drying
of the polyamide membrane over four different cycles. Prior to DMF activation, the initial
methanol permeance was 7.3 Lm~'hr~'bar~!. During the first cycle, the methanol permeance

increased significantly to 23.4 Lm~'hr~'bar~!

upon DMF activation. However, after drying,
the methanol permeance decreased to 7.8 Lm~'hr~'bar~!, which is close to the initial value of
the dry membrane. The same activation procedure was repeated for three additional cycles.
As shown in Figure B.23a, the final methanol permeance after four cycles of DMF activation
reached 19.7 Lm~'hr~'bar~!. Nevertheless, the methanol permeance after drying remained
nearly unchanged at approximately 8.5 Lm~'hr~'bar~!, similar to the initial permeance of
the dry membrane. This indicates that the network structure of the polyamide membrane
reverts to its initial state after each activation and drying process. It can thus be concluded
that molecularlevel modifications occur in the polyamide membrane, as the permeance does

not exhibit significant variation after four cycles of activation and drying. The changes in

methanol permeance following DMF activation and subsequent drying are presented in B.23b.
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The figure shows that the increase in methanol permeance upon DMF activation for each cycle
ranges from 2.8 to 3.1 times the initial value of the methanol permeance of the dry membrane.
After drying, the decrease in methanol permeance is between 2.5 to 3.2 times the value of
the methanol permeance after DMF activation. These results demonstrate that polyamide
membranes exhibit consistent structural behaviour, with comparable percentage increases and
decreases in methanol permeance after each activation and drying cycle. This suggests that
the structural orientation of the polyamide membranes remains stable and recurs identically

following these processes.

The impact of activation on the presence of water in the activating solvent was investigated
using different ratios of DMF and water mixtures (Figure B.23c¢). In cycle 1, where 80% water
was mixed with pure DMF to activate the membrane, the methanol permeance was reduced by
30% from its initial value after activation. After drying the membrane, no significant reduction
in methanol permeance was observed. This reduction in permeance is attributed to the presence
of water in the activation solution, which promotes the formation of a hydrogen-bonded network
structure within the polyamide membrane. This network restricts the structural modification
of the polyamide structure. In cycle 2, the membrane was activated using a DMF solution
containing 50% water, with methanol permeance measured both without and with drying. The
permeance of methanol remained unchanged and no effect of DMF activation was observed.
This indicates that the hydrogen-bonded network structure is not disrupted when 50% water
is present in the DMF solution. When the DMF concentration was increased to 80%, the
methanol permeance after activation rose to 85% of its initial value, but it dropped to 75% after
drying. This suggests that higher DMF concentrations during activation disrupt the hydrogen-
bonded network structure, leading to structural expansion of the polyamide membrane. In
the final cycle, pure DMF was used for activation, resulting in a methanol permeance of 17.7
Lm~'hr~'bar~! after activation (Figure B.23c). This value is similar to the methanol permeance
of virgin polyamide membranes activated with pure DMF, as shown in Figure B.23a. After
drying, the final methanol permeance was 2.8 times, similar to the result observed for the
membrane activated directly with pure DMF (Figure B.23b). This suggests that the overall
network structure of the polyamide membrane remains consistent regardless of the activation
conditions. Figure B.24 and B.25 show no discernible difference in the surface morphology

before and after DMF activation.
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6.4 Conclusions

In conclusion, this study demonstrated solvent transport through solvent-activated polyamide
membranes by integrating experimental findings with molecular insights from molecular simula-
tions. It examined the distribution of pore sizes, solvent uptake, and the methanol permeation
behaviour in DMF-activated polyamide membranes. The molecular dynamics (MD) simula-
tion effectively validates the experimental results for solvent permeance in solvent-activated
membranes by modelling the solvent-activated membrane affinity. Furthermore, the structural
characteristics of the polyamide membranes were characterized before and after solvent activa-
tion. This modelling work reliably elucidates the quantitative structure-property-performance
relationship of polyamide membranes. The findings offer a comprehensive understanding of the
behaviour and molecular mechanisms of polyamide membranes in different solvents, highlight-

ing their potential applications in organic solvent environments.
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Chapter 7

Conclusions and Future Scope

7.1 Conclusions

From the equilibrium and non-equilibrium MD simulations performed in this Ph.D dissertation

study, following conclusions are made:

e Investigating the performance of the semi—aromatic polyamide (SAPA) membrane in for-
ward osmosis highlights several key findings. Water molecules traversing the membrane
exhibit a reduced coordination number, resulting in fewer hydrogen bonds per molecule
within the membrane. The unreacted functional groups in the membrane at the feed so-
lution/membrane interface facilitate the water molecules to enter the membrane interior.
The high density of —COOH functional groups at the water-interfacial region and optimal
cross-linking density enhance water transport across the membrane. The ability to trap
divalent ions and allow monovalent ions highlights the potential of the SAPA membrane

for efficient separation processes and treatment of textile industry wastewater.

e Despite a slight difference in the densities of the membranes, pore connectivity under
dynamic conditions and the resulting tortuous pathways for the transport of water and
hexane molecules varied amongst polyester membranes. The water and hexane uptake
of the membrane directly depends on the free volume within the membrane. Water and
hexane pathways imply that solvent transport through the membrane is relatively fast in
some places and appears to be trapped in others, waiting to hop into the next pore until
they find pathways that open as a result of membrane dynamics. Furthermore, the EMD

simulations have revealed that the interconnected hydrophilic cavities formed through
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7.1. Conclusions

ester linkages are more favorable channels for transporting polar and non—polar solvents
through the membranes. It is observed that uncross—linked cyclodextrin molecules fa-
cilitate the transport of both solvents, and water molecules permeate the CD—pore via
hydrogen bonds among the water molecules. The hexane solvent flux is an order of mag-
nitude lower compared to the water permeance. Our findings conclude that both solvents
primarily traverse through the polar aggregate pores in the cross—linked membranes
rather than the CD cavity, indicating a lack of functional significance of macrocyclic

molecules in solvent transport and the existence of Janus pathways.

e Non-equilibrium molecular dynamics simulations were performed on a polyimine-based
membrane, where the feed solution consists of NaCl salt and dye in water. We ob-
served that this polyimine membrane exhibits a high water permeance of 8.3 x 10?
Lm~2hr~'bar~!, complete rejection of BBR dye (100%), and selective passage of chloride
salt (i.e., rejection = 34%). Our study suggests that, while chloride salt ions perme-
ate the membrane, they permeate near the melamine heterocyclic ring compared to the
benzene ring of the TFP monomer in the membrane, and dye is rejected due to strong
interactions between the benzene rings of dye and the TFP monomer on the membrane
surface. This study suggests that monomers with non-aromatic rings are the preferred
choices for the permeation of monovalent salt. Analysis of NaCl and dye trajectories and
salt ion interactions with membrane atoms suggests that the membrane allows chloride
salt permeation while completely rejecting dye, enabling efficient dye separation using a
polyimine membrane. Such a membrane, capable of rejecting dye while allowing NaCl

passage, could significantly enhance wastewater treatment in the textile industry.

e The performance of solvent-activated polyamide membranes were studied using exper-
imental and molecular dynamics simulation studies. It examined the distribution of
pore sizes, solvent uptake, and the methanol permeation behaviour in DMF-activated
polyamide membranes. The molecular dynamics (MD) simulation effectively validates
the experimental results for solvent permeance in solvent-activated membranes by mod-
elling the solvent-activated membrane affinity. Furthermore, the structural characteristics
of the polyamide membranes were characterized before and after solvent activation. This
modelling work reliably elucidates the quantitative structure-property-performance rela-

tionship of polyamide membranes. The findings offer a comprehensive understanding of
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Chapter 7. Conclusions and Future Scope

the behaviour and molecular mechanisms of polyamide membranes in different solvents,

highlighting their potential applications in organic solvent environments.

7.2 Scope for Future Investigations

The findings from this thesis provide several avenues for future research and development in
the field of polymeric membranes using molecular dynamics simulations. Each objective of this
thesis highlights critical insights and potential advancements that could significantly enhance

the application of polymeric membranes in various separation processes.

e Exploration of Semi-Aromatic Polyamide (SAPA) membranes with diverse

draw solutions:

A promising approach in the forward osmosis (FO) process involves exploring diverse draw
solutions with SAPA membranes and evaluating performance in challenging feed environ-
ments. Ensuring sustainability requires focusing on the regeneration and reuse of draw
solutions, making the integration of membrane distillation with FO systems essential.
Future efforts will aim to develop and apply this composite simulation setup to various
feed and draw solutions, assessing membrane performance and draw solution regener-
ation. Additionally, research should optimize the density and distribution of —COOH

functional groups and cross-linking density to enhance water permeability and selectivity.

e Preferential solvent transport through intrinsic cyclodextrin pore in a polyester

Film:

The investigation into cyclodextrin (CD)-based polyester membranes has revealed unique
solvent transport mechanisms through interconnected hydrophilic cavities. Future re-
search should explore modifying CD-based membranes to enhance pore connectivity and
reduce tortuosity, thereby improving solvent uptake and transport rates. Additionally,
functionalizing CD molecules with specific groups to enhance selectivity and affinity for

target solvents should be further investigated.

e Solvent activation of fully aromatic polyamide-based membranes:

The research on fully aromatic polyamide membranes has elucidated the solvent uptake

and transport pathways for methanol and DMF. Future work should focus on structural
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7.2. Scope for Future Investigations

modifications of these membranes to enhance solvent-specific selectivity and permeance.
Additionally, investigating the effects of various solvent environments on membrane per-

formance presents a promising direction for further study.

¢ Polyimine-based membranes for nanofiltration:

The development and simulation of polyimine-based membranes for nanofiltration show
promising results in high water flux and selective dye rejection. Future research should
explore the scalability of imine-based membrane production, their stability under various
conditions, and their application in real-world wastewater treatment, focusing on long-

term performance and fouling resistance.

e General future directions:

Integrating multi-scale modeling by combining molecular dynamics with continuum-scale
modeling can provide a comprehensive understanding of membrane performance. Ad-
vanced material design, guided by simulation insights, could lead to the development
of membranes with unprecedented characteristics. Assessing the environmental impact
and sustainability of these membranes is crucial, considering production methods, mate-
rial lifecycle, and recycling potential. Additionally, extending research to other separation
processes, such as gas separation, biomedical applications, and energy-related separations,

can leverage the unique properties of the investigated membranes.

We hope that the findings presented in this study will serve as valuable insights for future

research on polymeric membranes in desalination and wastewater treatment applications.
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polyamide based membrane in forward osmosis: Molecular insights, J. Phys. Chem. B
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B.1 Supplementary Information for Chapter 4
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Figure B.1: (a) Profile of local water content along the z-axis (b) Profile of local hexane content

along the z-axis; the verticle lines represents the bulk portion of the membranes

Figure B.2: 3D morphology of the membranes visualized using Material Studio Connolly surface

module, where blue color represents the accesible free volume for water, while gray indicates

the occupied volume of the membrane (a) a-CD/TMC (b) -CD/TMC (c) 7-CD/TMC; 3D

morphology of the membranes visualized using Material Studio Connolly surface module, where

blue color represents the accesible free volume for hexane, while gray indicates the occupied

volume of the membrane (d) a-CD/TMC (e) 8-CD/TMC (f) v-CD/TMC
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Figure B.3: (a) RDF between oxygen atoms of water molecules in bulk water and within the
membrane (b) The coordination number of water molecules (N.) (¢) The average number of
hydrogen bonds formed by water molecules along the z—direction (d) RDF between hydrogen

and oxygen atoms of water molecules in bulk water and within the membrane
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Figure B.4: (a) Water permeance of CD—based membranes (b) Hexane permeance of

CD—based membranes
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Figure B.5: Trajectories of water molecules perameating through CD—based membrane in 2D
YZ plane (a) a-CD/TMC (b) -CD/TMC (c¢) v-CD/TMC; Trajectory of single water molecule
permeating through the CD—based membrane in 2D YZ plane and the functional groups present
within 5 A along the trajectory, where -OH' represents primary hydroxyl group, and -OH?
represents the secondary hydroxyl groups (d) a-CD/TMC (e) -CD/TMC (f) v-CD/TMC
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Figure B.6: Time evolution of pore spanning across the membrane
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Figure B.7: Trajectories of hexane molecules perameating through CD—based membrane in 2D
YZ plane (a) a-CD/TMC (b) 5-CD/TMC (c) v-CD/TMC; Trajectory of single hexane molecule
permeating through the CD—based membrane in 2D YZ plane and the functional groups present

within 5 A along the trajectory, where -OH' represents primary hydroxyl group, and -OH?

represents the secondary hydroxyl groups (d) a-CD/TMC (e) -CD/TMC (f) v-CD/TMC
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Figure B.8: Time evolution of primary hydroxyl groups facing towards cyclodextrin cavity.
Blue color atoms represent the unreacted oxygen atoms of primary hydroxyl groups, and black

color indicates reacted functional groups. For clarity’s sake, only one CD cavity is shown here.
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Figure B.9: VMD snapshots showing the structure of native CDs (gray CPK representation)
when the maximum number of water molecules (red CPK representation) 5 in o -CD (a,b);
91in 8 -CD (c¢,d); and 14 in v -CD (e,f) are occupying their cavity. Blue lines correspond to
hydrogen bonds.
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Figure B.10: VMD snapshots showing the structure of native CDs (gray CPK representation)
when the maximum number of hexane molecules (blue CPK representation) 1 in « -CD (a,b);

2in 3 -CD (¢,d); and 2 in y -CD (e,f) are occupying their cavity.
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Forcefield verification

To verify the accuracy of force—field parameters, we computed the average water occupancy of
the cyclodextrin cavities and compared them with the experimental literature. The maximum
water occupancy inside the cavity is 5 in a-CD, 9 in $-CD, and 14 in v-CD. The average water
occupancy throughout simulation time is 2.7 in a-CD, 6.6 in 5-CD, and 8.7 in 7-CD (see Figure
B.11a). The results obtained in our simulations agree with the experimental literature, where
water occupancy is 2.6 in a-CD [1], 6.5 in S-CD [2], and 8.8 in 4-CD [3]. We computed the
dry membrane density after polymerization for polyester membranes, as reported in Figure
B.11b. The average dry membrane density for a/3/v-CD/TMC is 1.05, 1.12, 1.09 gm cm ™3,

respectively. Our results agree with experimentally reported polyester membranes [4].

Figure B.11: (a) Time evolution of water occupancy inside the CD cavity (b) Density profiles

of dry membranes after polymerization.
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() (d)

Figure B.12: (a) Optimised structure of BBR (b) BBR and Water interactions (c¢) Optimised
structure of TFP (d) Optimised structure of TFP-MEL. Color code: C-cyan, H-white, O-red,
S-yellow, N-blue

Figure B.13: (a) Benzene rings order parameter S(r) and (b) Arrangement of benzene rings in

the membrane.
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Table B.1: Optimised Partial Charges for BBR

Sl. No Atom Atom type CGenFF ffTK

1 C4 CG2R61 0.017 -0.124
2 C7 CG321 -0.045 0.995
3 N1 NG301 -0.312 -0.639
4 C10 CG2R61 0.134 -0.089
5 C18 CG2DC1 0.010 0.125
6 C19 CG2DC2 -0.152 0.057
7 C20 CG2DC2 -0.153 -0.333
8 C21 CG2DC2 -0.152 0.057
9 C22 CG2DC2 -0.153 -0.333

10 C23 CG2DC1 0.576 0.234

11 N2 NG2P1 -0.244 -0.387
12 C24 CG324 0.111 -0.038
13 C25 CG2R61 0.028 0.158
14 C31 CG324 0.219 0.201

O—H...N Distance (A)
- ©
% w ©

(a) (b)

Figure B.14: (a) Hydrogen bond formation bewteen iminelinkage nitrogen and hdrogen atom

of the —OH group of TFP monomer (b) O—H...N distance
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Table B.2: Interaction energies (Kcal/mol) for water interactions obtained from QM and MM

calculations for BBR

Atom QM-Energy MDM-energy Energy Difference (fTK-QM)
C4 -5.377 -5.120 0.257
Cc7 -3.519 -3.779 -0.26
N1 -1.492 -1.663 -0.171
C10 -7.136 -6.918 0.218
C18 -2.470 -2.734 -0.264
C19 -3.063 -2.911 0.152
C20 -2.145 -1.813 0.332
C21 -2.624 -2.301 0.323
C22 -3.422 -3.463 -0.041
C23 -4.170 -3.686 0.484
N2 NG2P1 -0.244 -0.387
C24 -5.194 -6.502 -1.308
C25 -4.582 -4.798 -0.216
C31 -1.222 -0.852 0.370

Average of Absolute values 0.350
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Table B.3: Angle Parameters of BBR

S.No Atom Atom Types CGenff fiITK
ky 0 ko 0
1 C20-C23-C22 CG2DC2-CG2DC1-CG2DC2 48 113  176.933 118.246
2 C15-C16-C17  CG2R61-CG2DC1-CG2R61 48 113  140.694 115.493
3 (C25-C24-N2 CG2R61-CG324-NG2P1 53 115.2 142.585 113.149
4 (C24-N2-C31 CG324-NG2P1-CG324 53 120 214.734 117.314
Table B.4: Dihedral parameters for BBR
S.No Atoms/atom types CGenff fITK
ky n 5 ky n 5
1 C21-C18-C16-C17 0.56 1 180 10.027 1 0
CG2DC2-CG2DC1-CG2DC1-CG2R61 7 2 180 2.223 3 0
2 C21-C18-C19-C20 0.5 1 180 1.447 1 180
CG2DC2-CG2DC1-CG2DC2-CG2DC2 2 2 0 0.7710 2 180
1 3 0 2.369 3 180
3 C22-C23-C20-H26 1 2 180 3.199 1 180
CG2DC2-CG2DC1-CG2DC2-HGA4 0.508 2 180
1.8070 3 180
4 C17-C16-C15-C14 0.750 2 180 8.183 1 180
CG2R61-CG2DC1-CG2R61-CG2R61 0.19 4 0 4.202 3 0
5 C26-C25-C24-N2 0.1190 2 0 1.004 1 180
CG2R61-CG2R61-CG324-NG2P1 0.1320 4 180 0.58 3 180
0.0130 6 180
6 C4-C7-N1-C10 2 1 180 5.220 1 180
CG2R61-CG321-NG301-CG2R61 0.3 3 180 0.163 2 0
2.185 3 180
7 C25-C24-N2-C31 0.1 3 0 1.6510 1 180
CG2R61-CG324-NG2P1-CG324 1.262 2 180
0.952 3 0
8 C32-C31-N2-C23 0.61 1 0 0.823 1 180
CG331-CG324-NG2P1-CG2DC1 0.62 2 180 0.026 2 0
0.25 3 0 0.032 3 180
0.60 4 0
0.25 6 0
9 C25-C24-N2-C23 0.61 1 0 0.136 1 0
CG2R61-CG324-NG2P1-CG2DC1 0.62 2 180 1.047 2 0
0.25 3 0 0.778 3 0
0.60 4 0
0.25 6 0
10 C32-C31-N2-C24 0.1 3 0 1.993 1 0
CG331-CG324-NG2P1-CG324 1.012 2 180
11 H29-C24-N2-C31 0 3 0 0.4320 1 0
HGA2-CG324-NG2P1-CG2DC1 0.2330 2 180
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Table B.5: Dihedral parameters for TFP-MEL polymer

S.No Atoms/atom types CGenft fiTK
ky, n ¢ ky, mn 9
1 C5-C9-N1-Clm 122 180 12866 1 O
CG2R61-CG2DC1-NG2D1-CG2R64 3.036 2 180
058 3 O
0491 4 O
2 H6-C9-N1-Clm 4 2 180 801 1 180
HGA4-CG2DC1-NG2D1-CG2R64 3.992 2 180
9024 3 0
4202 4 180
3 C9-C5-C4-04 3.1 2 180 1.732 3 180
CG2DC1-CG2R61-CG2R61-0G311
4 C7-C6-C2-01 24 2 180 1423 3 180
CG204-CG2R61-CG2R61-0G311
5 N4-C1m-N1-C9 08 1 180 15973 1 0
NG2R62-CG2R64-NG2D1-CG2DC1 482 2 180 043 2 0
002 3 180 3363 3 0
0156 4 0
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Figure B.15: (a) RDFs of water oxygen atoms in the feed solution and inside the membrane
(b) Water coordination number at cutoff distance of 3.25 A (c) Average number of hydrogen
bonds per water molecules along the Z-axis (d) RDF between hydrogen and oxygen atoms of

water molecules in feed solution and inside the polyimine membrane.
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Figure B.16: Trajectories of selected water molecules on 2D YZ plane
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Figure B.17: (a) Pathways of selected Na™ ions in 2D XZ plane (b) Pathways of selected Na™

ions in 2D YZ plane (c) Pathways of selected C1™ ions in 2D XZ plane (d) Pathways of selected
Cl™ ions in 2D YZ plane
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Figure B.18: (a) van der Waals interaction energies of chloride salt ions with mebrane atoms
(b) Trajectory of single Na* ion and fucntional groups of the membrane within 5 A along
the trajectory in 2D XZ plane (¢) Trajectory of single Na™ ion and fucntional groups of the
membrane within 5 A along the trajectory in 2D YZ plane (d) Trajectory of single Cl~ ion
and fucntional groups of the membrane within 5 A along the trajectory in 2D XZ plane (e)

Trajectory of single C1~ ion and fucntional groups of the membrane within 5 A along the

trajectory in 2D YZ plane

Figure B.19: (a) Snapshots of the COM distance between Na® ion with MEL heterocyclic
ring and TFP benzene ring (b) Snapshots of the COM distance between Cl~ ion with MEL

heterocyclic and TFP benzene ring; color code of ring; green - TFP, orange - MEL heteroring
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Figure B.20: Solvent permeance through the membranes using the simulation study
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Figure B.21: Path of the solvent molecule trajectories through the membranes. Where (a)
Trajectories of methanol molecules in the My membrane represented in YZ 2D plane, (b)
Trajectories of DMF molecules in the M3 membrane represented in YZ 2D plane, (c) Trajectories

of methanol molecules in the My membrane represented in YZ 2D plane.

B.3.1 Fabrication of Freestanding Polyamide Nanofilm and Transfer

Onto Porous Alumina Substrates

Porous alumina supports (Whatman™ Anodisc?®; 0.2 um) were obtained from Whatman
International Ltd., England. m—phenylenediamine (MPD, 99%) and trimesoyl chloride (TMC,
98%) was obtained from Sigma Aldrich, India. Hexane (99% HPLC) and methanol (99%)
were purchased from Sisco Research Laboratories Pvt. Ltd. (SRL), India. Dimethylformamide
(DMF) was purchased from Qualikems Fine Chem Pvt. Ltd., India. Acetone was obtained
from Thermo Fisher Scientific India Pvt Ltd. Pure water (conductivity < 1.5 uS) was used to
prepare the aqueous solution of MPD which was prepared from a double pass RO facility.

Freestanding polyamide nanofilm was prepared via the interfacial polymerization (IP) pro-
cess at the water-hexane interface as shown in Figure B.22. The aqueous solution containing
m—phenylenediamine (MPD) with a concentration of 2.0 wt% was poured into a glass Petri
dish. After that, hexane solution containing TMC with a concentration of 0.15 wt% was gen-
tly poured on top of the aqueous amine solution to allow the interfacial polymerization for 1
min. After 1 min of IP reaction, freestanding polyamide nanofilm was picked up on top of a
presubmerged porous alumina substrate by using a metal frame. Finally, the nanofilm com-
posite membrane was post-treated at 70 (£1) °C for 2 min in a hot air oven to complete the

polymerization process and achieving a high degree of network crosslinked structure.
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Figure B.22: Schematic presentation of the fabrication and transferring of the freestanding

polyamide membrane on top of porous alumina substrates.

B.3.2 Characterization of the Polyamide Nanofilm Composite Mem-

branes

A scanning electron microscope (SEM), JEOL JSM 7100F, Japan, was used to characterize the
surface morphology and the thickness of the polyamide nanofilm layer before and after DMF
activation. A 15 kV accelerating voltage was used for the operation of the SEM instrument.
Leica Microsystems (EM ACE200) was used to sputter-coat a gold layer that was 2 — 5 nm thick
before imaging. To measure the thickness of the nanofilm after DMF activation, the composite
membrane was activated by passing pure DMF through it for 15 min at an operating pressure of
1 bar at 25 °C. Following that, the porous alumina substrate with the DMF-activated nanofilm
on top was taken out of the DMF and left to air dry before being dried for 30 minutes at 45
(£1) °C in a hot air oven. Finally, samples were cleaned in pure methanol by submerging them
for 10 minutes, followed by 30 minutes of drying at 45 (£1) °C in a hot air oven. A small
piece was fractured-cut from the alumina support and positioned vertically in the SEM sample
stub. The fractured-cut samples were adhered to the SEM stub by using silver paint to prevent
sample charging during SEM imaging. The elemental composition and chemical structure of
the polyamide nanofilm were analysed by X-ray photoelectron spectroscopy (XPS). For the
XPS analysis, freestanding polyamide nanofilm was transferred onto gold-coated silicon wafers
and left to air dry at room temperature. Before the XPS study, the samples were activated by
pure DMF and then washed in pure water by immersing them in water for 15 — 20 minutes,

followed by drying for 30 minutes at 45 (1) °C in a hot air oven. The analysis was conducted
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using Thermo Scientific’™ Nexsa X-ray photoelectron spectrometers, employing a microfocused
monochromatic AlKa X-ray source for excitation, pass energy of 20 eV and a lowenergy flood
gun for charge compensation. An X-ray spot size of 400 x 400 um? was chosen and the analysis
was conducted at three different spots to ensure accuracy and determine the average values of

the results.

B.3.3 Filtration Setup and Performance Measurements of the Polyamide

Membranes

A dead-end filtration system was employed to evaluate the solvent permeation capability of the
polyamide membrane fabricated on the porous alumina substrate as presented in Figure 77?.

2. In this study, methanol was used

The effective surface area of each membrane was 2.7 cm
as a feed solution at 25 (+1) °C, and the applied pressure was maintained at 1 bar by using
Ny gas. Prior to measurement, each membrane was pre-compacted for at least 3 — 4 hours to
get constant methanol permeance. The methanol permeance was evaluated according to the

following equation (1);
Vv
At Ap

P (Lm ™ ?hr~bar™) (B.1)

where V is the volume of the permeated methanol (liter), A is the effective membrane area

(m?) and t is the collection time (hour) under an operating pressure of Ap.

B.3.4 Characterization of the Polyamide Nanofilm Before and After
DMF Activation

The morphological characteristics of the composite membranes and their nanofilms, before
and after DMF activation, were examined using SEM. For this, polyamide nanofilm on top of
porous alumina substrate were activated with DMF and analyzed using SEM to investigate
how the activation affected the surface morphology and thickness of the polyamide nanofilm.
The surface morphology and thickness of the nanofilms made on top of porous alumina support
before and after activation with DMF are shown in Figure B.24a and ¢. The DMF-activated
polyamide nanofilm composite membrane exhibits a morphology roughly comparable to that
of the non-activated composite membrane. Thus, no discernible difference is observed in the

surface morphology before and after DMF activation. The cross-sectional SEM images of
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Figure B.23: (a) Methanol permeance of the polyamide membrane after DMF activation fol-
lowed by drying after every cycle where pure DMF was used for activation. The membrane was
prepared by reacting 2.0 wt% MPD in the aqueous phase and 0.15 wt% TMC in the organic
phase at the water-hexane interface for 1 min (b) The plot of the fold of increment in methanol
permeance upon DMF activation and subsequent fold of reduction of methanol permeance after
drying of the polyamide membranes in each cycle (c) Methanol permeance of the polyamide
membrane after DMF activation followed by drying after every cycle where a different ratio of
DMF and H20 mixture was used. The membrane was prepared by reacting 2.0 wt% MPD in
the aqueous phase and 0.15 wt% TMC in the organic phase at the water-hexane interface for

1 min.

the polyamide nanofilms on top of the alumina substrate are shown in Figure B.24b and d.
According to the cross-sectional SEM images, the top layer thickness of the polyamide nanofilm
after DMF activation slightly reduced to 26.2 nm compared to the nanofilm without activation

(thickness ~27.0 nm). However, this change is not statistically significant.

X-ray photoelectron spectroscopy (XPS) was used to examine the chemical structures and
elemental compositions of the polyamide nanofilms before and after DMF activation. Figure
B.25 presents the XPS results, including survey spectra, relative percentages of C, N, and O, and
core-level Cls spectra of the polyamide nanofilms obtained before and after DMF activation.

The survey spectrum and the C, N, and O percentages did not show any significant differences
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Before activation

After DMF activation

Figure B.24: Surface morphology and thicknesses of the polyamide membranes before and after
DMF activation. (a,b) Before DMF activation, and (c,d) After DMF activation. The membrane
was prepared by reacting 2.0 wt% MPD in the aqueous phase and 0.15 wt% TMC in the organic

phase at the water-hexane interface for 1 min.

before and after DMF activation, as depicted in Figure B.25a and b. To analyse the chemical
species present in the nanofilm before and after DMF activation, the Cls peak of the nanofilms
(Figure B.25¢ and d) was deconvoluted into five peaks at 284.3 eV (C-C, C=C, and C-H), 285.0
eV (B-shift for C-CONH, C-COO), 285.8 ¢V (C-N), 287.8 ¢V (N-C=0), and 288.4 ¢V (O-C=0).
It is observed from Figure B.25c and d (before and after activation) that the amount of C-N
(-C-NH,, -CONH-C in Cls) and carboxylic acid group (O-C=O0O in Cls) remained similar at
around 7.8% and 4.8%, respectively.
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Figure B.25: XPS survey and Cls spectra of the polyamide nanofilms onto a gold-coated silicon
wafer. (a, b) Survey spectra and percentage of C, N, and O of the polyamide nanofilms before
and after DMF activation. (c¢) Cls spectra of the polyamide nanofilms before DMF activation.
(d) Cl1s spectra of the polyamide nanofilm after DMF activation. The membrane was prepared

by reacting 2.0 wt% MPD in the aqueous phase and 0.15 wt% TMC in the organic phase at

the water-hexane interface for 1 min.
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