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This study presents a sequential approach to modify ultrafiltration cellulose membrane
(RC10PE) using TEMPO-mediated oxidation, followed by layer-by-layer assembly of
polyelectrolytes, and subsequent salt annealing. The changes in membrane surface properties
and separation performance after each modification step were analyzed using scanning
electron microscopy, size-exclusion chromatography, streaming current measurements, and
filtration studies.

During TEMPO-mediated oxidation of cellulose membrane, sodium hypochlorite (NaOCl)
was used as the main oxidant, with catalytic amounts of TEMPO (2,2,6,6-
tetramethylpiperidin-1-oxyl) and sodium bromide (NaBr). Zeta potential of TEMPO-
oxidized membrane revealed significant increase in negative surface charge, increasing from
-35 mV to -80 mV at pH 7 compared to the native cellulose membrane. Additionally, sulfate
rejection improved from 3% to 20%, while chloride rejection remained low at 1% post-
oxidation. TEMPO-oxidation also resulted in a smoother membrane surface and improved
water permeance which increased from 63 to 74 L/m*hbar. However, the molecular weight
cut-off value did not change and remained approximately at 2.8 kDa.

Layer-by-layer polyelectrolytes assembly process involved sequentially depositing
poly(sodium 4-styrene sulfonate) (PSS) and poly(diallyl dimethylammonium chloride)
(PDADMAC) onto TEMPO-oxidized cellulose membrane substrate. Two types of
multilayer membranes were assembled: one with 9 bilayers terminated with PSS, and the
other with 8.5 bilayers terminated with PDADMAC. Both types of multilayer membranes
exhibited coarse and irregular surface morphologies, characterized by polymer clusters.
Additionally, water permeance of both types of multilayer membranes reduced to about 33
L/m*hbar, compared to TEMPO-oxidized membrane substrate, which had water permeance
of approximately 74 L/m?hbar. The salt rejection rates of both the multilayer membranes
remained similar to those of the membrane substrate, with approximately 1% for MgCl> and



20-24% for Na>SOs. The PSS-terminated multilayer membrane exhibited negative surface
charges (-68 mV at pH 7). Interestingly, despite its cationic termination, the PDADMAC-
terminated multilayer membrane also maintained negative surface charge (-45 mV at pH 7).

Salt annealing process involved exposing 9 bilayers coated (PSS-terminated) multilayer
membranes to a 2M NacCl solution for 30 minutes, followed by pure water rinsing and
deposition of an additional PSS monolayer. This post-assembly salt treatment resulted in a
more compact, flattened, and smoother multilayer structure compared to non-annealed one.
However, higher NaCl concentrations (exceeding 3M) had a degradative effect, potentially
leading to delamination of the multilayer film. Water permeance of multilayer membrane
decreased from approximately 33 to 20 L/m?hbar after two annealing cycles and minimal
changes were observed thereafter. The negative surface charge progressively improved with
each salt annealing cycle, reaching -80 mV at pH 7 by the fourth annealing cycle.
Additionally, both MgCl, and Na;SOs rejection rates increased with subsequent salt
annealing cycles. While chloride rejection remained modestly low at 5%, sulfate rejection
increased significantly, reaching 80% after only two annealing cycles.

Overall, the findings of this study highlight that an integrated multi-step surface modification
approach is a promising strategy to improve the properties and performance of ultrafiltration
cellulose membranes.
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SYMBOLS AND ABBREVIATIONS

Ag effective membrane area  m?
c concentration g/L, ppm, M
J water flux L/m*h
R rejection/retention %
M molar mass g/mol, kDa
p pressure bar
P pure water permeance L/(m?hbar)
tp permeation time h
A" volume L
¢ zeta potential mV
AFM atomic force microscopy.
CA cellulose acetate
EDTA ethylenediaminetetraacetic acid
EoL-TFC end-of life thin-film composite
HPLC high-performance liquid chromatography
LbL layer-by-layer
MF microfiltration
MWCO molecular weight cut-off
NF nanofiltration
NMVA N-methyl vinyl acetamide
PA polyamide
PA-TFC polyamide thin-film composite
PAA polyacrylic acid
PAH poly (allylamine hydrochloride)
PDADMAC poly (diallyl dimethylammonium chloride)
PE polyelectrolyte
PEG poly (ethylene glycol)
PEI polyethyleneimine
PEM polyelectrolyte multilayer
PES polyether sulfone
Pol polyanion
Pol* polycation
PS polysulfone
PSS poly(sodium 4-styrene sulfonate)
PSU polysulfone
RID refractive index detector
RO reverse 0smosis
SEC size-exclusion chromatography
SEM scanning electron microscopy
TEMPO 2,2,6,6-tetramethylpyperidine-1-oxy
TFC thin-film composite
TFC-RO thin-film composite reverse osmosis

UF

ultrafiltration
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1 Introduction

Membrane technology has emerged as the dominant separation process in the wastewater
treatment industry due to its numerous advantages such as high separation efficiency,
minimal energy usage, absence of chemical additives, and continuous operation. These
attributes make membrane processes a sustainable and economically viable option for water
treatment applications . However, fouling has always been the major restrictive feature in
membrane processes as it reduces their separation performance and lifespan. Fouling is
initially observed by a decline in flux and rejection properties. Over time, it gradually
reduces the separation performance of the membrane until reaching the end-of-life (EoL)
state, at which point the membrane is irreversibly fouled and ineffective, requiring
replacement. Typically, the lifespan of a membrane is 5—7 years of continuous usage under
standard process conditions (Scholes, 2015). Conventional disposal of EoL membranes
include landfilling as solid inert waste or incineration due to limited reuse and recycling
options. These disposal methods raise environmental concerns such as increased carbon
footprint and resource depletion. Additionally, the need for frequent replacement of
irreversibly fouled membranes with new ones is economically inefficient. Thus, it is
imperative to address membrane fouling to ensure the long-term functionality and

effectiveness of membranes used in separation applications.

While it is practically impossible to completely eliminate membrane fouling, several
strategies can be employed to minimize it. Feed stream pretreatment, membrane cleaning,
and membrane surface modification are standard approaches for fouling mitigation (Shon et
al., 2009). Physical methods, such as hydraulic backwashing and mechanical cleaning, are
commonly used for reversible membrane fouling. On the contrary, chemical reagents are
often employed to dissolve or dislodge foulants from irreversibly fouled membranes.
Although chemical cleaning can restore membrane functionality to some extent, it can
potentially alter the structure and properties of membranes (Al-Amoudi & Lovitt, 2007). The
use of strong chemical agents, such as sodium hypochlorite, can degrade and even strip away
the top selective layer from the membrane surface. As a result, while the permeance of the
chemically treated membrane may improve, it often leads to reduced rejection properties.
Nonetheless, chemically treated membranes can be applicable in lower-grade separation

processes like brackish water treatment (Fang et al., 2013; Upadhyaya et al., 2018).
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Polymeric membranes inherently contain functional groups which can be exploited to
modify or introduce several chemical or functional moieties and improve key surface
properties, such as surface charge and hydrophilicity. For instance, one effective strategy for
selectively oxidizing cellulose surface is TEMPO-mediated oxidation. This catalytic method
selectively targets C6 primary hydroxyl groups in glucose units and oxidizes into carboxyl
groups, without degrading the polymer backbone structure. The resulting increase in
carboxyl groups imparts negative charge on the cellulose surface. This enhanced negative
surface charge can be advantageous, as it improves separation performance of the

membrane, especially the rejection of anion species .

Recently, there has been a growing interest in the layer-by-layer (LbL) assembly of
polyelectrolytes onto the membrane surface to improve its properties and performance. This
method is highly versatile and controllable, allowing tunability of several factors such as
ionic strength, solution pH, coating time, and the selection of polyelectrolytes pair to achieve
the desired characteristics of the polyelectrolyte multilayer (PEM) membrane. However, the
complex interplay among these parameters directly affects the growth, structure, and
properties of the assembled PEM, influencing their uniformity, thickness, surface
morphology, and internal charge balance. These structural and morphological complexities
significantly compromise the separation efficiency and overall stability of the PEM (Borges
& Mano, 2014; Debais & Tagliazucchi, 2022; Dubas & Schlenoff, 1999). Post-assembly salt
annealing is being explored as a promising strategy to modulate the structure and properties
of LbL-coated multilayer membranes. In this method, assembled PEM MEMBRANE are
immersed in a high salt concentration solution. As per literature, the underlying mechanism
involves infiltration of free salt ions within the multilayer film, screening charges along the
polymer chains. This salt-induced polymer charge screening promotes polymer chain
mobility and facilitates intrinsic interactions among polymer charge groups, leading to new
multilayer conformations. Studies have highlighted that post-assembly salt annealing of
multilayer membrane results in a more compact, uniform, and stratified multilayer structure
with improved stability and enhanced separation performance (Fares et al., 2015; Reurink et

al., 2018).

Overall, an integrated and multi-step membrane modification approach seems to offer a
comprehensive strategy to improve the properties and performance of cellulosic membranes.

This study, therefore, aims to examine the individual and cumulative effects of TEMPO-
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mediated oxidation, LbL polyelectrolytes coating, and subsequent salt annealing on
regenerated cellulose ultrafiltration membrane (RC10PE). The effects of these surface
modifications on membrane characteristics, such as charge, morphology, permeance, and
rejection of salt ions are analyzed using scanning electron microscopy (SEM), streaming
current measurements, chromatographic data of neutral solutes rejection, and filtration

studies.

2 Literature review

There are two sections to the literature review. The first section presents a general overview
of membrane technology, covering membrane classifications, constituent materials,
transport mechanisms, fouling and mitigation strategies, and membrane surface modification
techniques. Overall, this section highlights the fundamentals of membrane technology and
its applications. The second section covers an overview of layer-by-layer (LbL)
polyelectrolytes assembly. It includes general descriptions of polyelectrolytes, multilayer
growth mechanism, factors affecting the multilayer assembly, various coating techniques,

and salt annealing as a post-assembly treatment of the multilayer membranes.

2.1 Overview of membrane technology

A membrane acts as a thin barrier that selectively allows permeation of certain substances
while blocking others. However, this selectivity does not explicitly define the structure or
function of the membrane. In practice, membranes vary in thickness, pore size, structure,
transport mechanism and driving force. In addition, membranes differ in their constituent
material composition, resulting in differences in their morphologies, properties, and
performance. Essentially, membrane is the central element in every membrane process, as
illustrated in Figure 1, and its structure and properties primarily dictate which components
from the feed stream permeate through and which are retained. Additionally, the transport
of components across the membrane is influenced by the gradients of force, including
temperature, concentration, electrical potential, and pressure. Generally, the permeation rate

is linear to the driving force (Mulder, 1996).
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Selectivity and flux are two key determinants of membrane performance efficiency. Flux,
also referred to as permeation rate, quantifies the volume of permeate passing through per
unit membrane area and time (expressed as L/m?h). There is typically a linear correlation
between fluxes and pressure increments, which is used to calculate the membrane permeance
(L/m*hbar). Membrane selectivity refers to its preference for specific components in a
solution mix, typically shown by its rejection of dissolved solutes. It is worth noting that
there is usually a trade-off between membrane permeance and rejection (van Reis & Saksena,

1997).

Phase 1 Membrane Phase 2
’E? >
O o O p O
P O
Feed . O O . > . Permeate
@] ® p O
® > o)
@ O > O
>
2
Driving force
R

Figure 1: An illustration of a typical membrane separation process (Mulder, 1996)

In membrane separation processes, dead-end and crossflow are the two distinct filtration
modes, primarily differing in their feed flow patterns. In dead-end filtration, the feed flows
perpendicular to the membrane surface, and the solutes accumulate on the membrane surface
while the solvent passes through. The accumulated solutes form a filter cake and as it
thickens over time, it leads to increased resistance and reduced separation efficiency. In
contrast, crossflow filtration involves feed flowing parallel to the membrane surface. This
tangential feed flow minimizes the accumulation of particles on the membrane surface,
maintaining a higher filtration efficiency over time. Therefore, crossflow filtration is
commonly utilized in applications requiring continuous filtration with minimal fouling, such

as wastewater treatment (Mulder, 1996).
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2.1.1 Membrane classifications

Membranes can be classified based on several criteria, depending on their properties and
application. One way to classify membranes is based on their separation mechanisms, which
differentiates between size exclusion and affinity-based membranes. In size exclusion,
solutes are retained based on their relative size and shape compared to the pore size of the
membrane. Affinity-based membranes, however, utilize physicochemical properties, such as
charge and solubility, to separate particles. Another classification considers membrane
morphology and structure, dividing them into symmetric and asymmetric types. These sub-
categories are further divided into porous and nonporous membranes. Additionally,
membranes are categorized into synthetic and biological types based on their material
composition. Synthetic membranes include organic materials such as natural or synthetic
polymers and inorganic substances like ceramics, metals, and metal oxides (Baker, 2004;

Mulder, 1996; Tawfik & Vinod, 2016).
2.1.2 Pressure-driven membranes

From a commercial viewpoint, membranes are classified based on their pore size and the
operating pressure required to achieve separation. The main classifications include reverse
osmosis (RO), nanofiltration (NF), ultrafiltration (UF), and microfiltration (MF), as

illustrated in Figure 2.

\ Pore size Pressure range (bar)

Microfiltration (MF) 0.1-10 pm 1-5
Bacteria, suspended solids

0.1 pm -5 nm 1-10

Water

Figure 2: Pressure-driven membrane processes with their corresponding effective pore sizes and
pressure ranges (Bowen et al., 1997; Cui et al., 2010; Drioli & Giorno, 2010; Greenlee et al., 2009;
Hausmann et al., 2013; Reif, 2006)
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Microfiltration membranes typically have large pore sizes, ranging from 0.1 to 10 nm, and
operate under low pressure, usually below 5 bar. These membranes feature either symmetric
or asymmetric porous structures composed of organic (polymers) or inorganic materials. The
principal separation mechanism in microfiltration is sieving, which is based on particle-size
exclusion. Therefore, microfiltration is commonly used to separate larger particles, such as
colloids, macromolecules, and bacteria (Reif, 2006). Ultrafiltration membranes have smaller
pore sizes compared to MF membranes, typically ranging from 0.1 mm to 5 nm, and operate
at relatively higher pressure (1-10 bar). These membranes are usually made from polymeric
materials and exhibit asymmetric porous structures. In applications requiring mechanical
durability, inorganic materials, such as alumina or zirconia, are often utilized to prepare UF
membranes (Drioli & Giorno, 2010). Nanofiltration membranes have nanometric pore sizes
(<10 nm) and are commonly employed to separate low molecular weight solutes, such as
dissolved salts, small organic molecules, and multivalent ionic species. These membranes
operate under high pressures, typically exceeding 10 bar (Bowen et al., 2004). Reverse
osmosis membranes are often characterized by their dense structures without distinct pores,
requiring the highest pressure, typically exceeding 30 bar. The separation mechanism in RO
follows solution diffusion driven by a pressure gradient. RO membranes exhibit
exceptionally high rejection of dissolved salts and ionic species, including monovalent ions.
This high rejection property has established RO as a key separation technology in

desalination processes (Greenlee et al., 2009).

2.1.3 Membrane materials

Membrane materials are selected based on the specific application requirements. The choice
of the material influences the transport mechanism, stability, and morphology of the
membrane, thereby affecting its overall performance and properties. When discussing
membrane materials, it is important to differentiate between porous and nonporous
membranes as the application requirements vary significantly between the two types. In
porous micro- and ultrafiltration membranes, the membrane material is chosen based on
factors like chemical, mechanical, and thermal stability; fouling propensity; and ease of
cleaning. Conversely, in nanofiltration and reverse osmosis, which utilize tighter and denser
membranes, the material choice primarily depends on the separation metrics, such as flux

and rejection (Hausmann et al., 2013; Singh, 2015).
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There are two main types of synthetic membranes: organic and inorganic. The most
prevalent type is organic/polymeric, primarily composed of polymers and macromolecules.
Some of the more commonly used polymeric materials for membrane synthesis include
polyamide, polysulfone, polyethersulfone, cellulose and its derivatives such as cellulose

acetate (Geise et al., 2010; Mulder, 1996).

The earliest synthetic membranes were derived from cellulose, which paved the way for
modern membrane technologies (Loeb, 1981). Cellulose is a naturally occurring biopolymer
with non-toxic and renewable characteristics. Additionally, it exhibits high hydrophilicity
due to abundant polar hydroxyl groups in its linear chain structure, as illustrated in Figure 3.
Despite being hydrophilic, cellulose is not water soluble, largely because of its crystallinity
and extensive hydrogen bonding between the hydroxyl groups. This limited solubility of
cellulose in common solvents like water makes it challenging for membrane preparation.
Therefore, cellulose is often chemically modified or functionalized to enhance its properties
such as solubility and surface charge. Acetylation is a common cellulose modification
method, resulting in the formation of cellulose acetate. This cellulose derivative exhibits
enhanced solubility in organic solvents such as acetone and bio-solvent like methyl lactate

(Abdellah et al., 2023; Medina-Gonzalez et al., 2011).

CH,OH OH
—0
{J OH 0__7@
N—O 0+
OH CH,OH

Figure 3: Chemical structure of cellulose (Mulder, 1996)

Cellulose also offers various other functionalization options, including oxidation,
carboxylation, and sulfonation to introduce specific functional groups onto cellulosic surface
to impart desired characteristics (Tavakolian et al., 2020). Major drawbacks of using cellulose
as a constituent membrane material include limited chemical and thermal tolerance,
biodegradation, and susceptibility to hydrolysis under extreme pH conditions (Liu, Y. et al.,

2021; Vos et al., 1966).
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Polyamides are another class of polymers, characterized by amine groups (-CO-NH-) in their
repeating polymer units, as shown in Figure 4. Aromatic polyamides, while less common
class than aliphatic counterpart, are more preferred as membrane material due to their
exceptional thermal, chemical, and mechanical stability. This is largely due to the presence
of aromatic rings in their polymer backbone which reduces chain flexibility and increases
glass transition temperature (Tg) (Mulder, 1996). Due to these attributes, the use of aromatic
polyamides has surpassed that of cellulose for membrane synthesis in recent years (Sharma
et al., 2023). A significant drawback of polyamide membranes is their susceptibility to
chlorine degradation (Gohil & Suresh, 2017). Additionally, they tend to exhibit slightly higher
fouling tendencies than cellulosic membranes, due to their aromatic structures and abundant

adsorptive sites (Yang et al., 2019).
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Figure 4: Chemical structure of an aromatic polyamide (Mulder, 1996)

Polymers containing sulfone, such as polysulfone (PS) and polyethersulfone (PES), are also
frequently utilized in membrane preparation. These polymers exhibit high thermal tolerance,
chemical resistance, and mechanical stability. Polysulfone, in particular, maintains structural
stability across a wide pH range (Yang et al., 2019). Despite their notable advantages, these
polymers are usually hydrophobic and more prone to fouling (Mulder, 1996).

In 1980, Cadotte and colleagues pioneered thin-film composite (TFC) membranes, which
marked a significant advancement in membrane synthesis (Cadotte et al., 1980). Typically,
TFC membranes feature a top selective layer that dictates its separation characteristics and

support layers that provide mechanical strength, as illustrated in Figure 5.
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Figure 5: A cross-sectional view of a thin-film composite membrane (Seah et al., 2020)

Polyamide thin-film composite (PA-TFC) membranes are advanced composite membrane
structures comprising a polyamide top layer on a microporous polysulfone substrate and a
thick polyester base. Each layer in a PA-TFC membrane can be altered to achieve the desired
balance of flux and rejection (Chai & Krantz, 1994). However, PA-TFC membranes, like
polyamides, are susceptible to degradation by chlorine. Nonetheless, ongoing research is
actively exploring surface modification strategies such as polymer coating and grafting to

enhance its resistance to chlorine-induced degradation (Hong, SungPyo et al., 2013).

Inorganic membranes, composed of materials such as glass, metals, ceramics, and zeolites,
are well-known for their robustness and resistance to harsh operating conditions. They
surpass polymeric membranes in several aspects, particularly in terms of chemical resistance
and heat tolerance. Additionally, inorganic membranes exhibit higher tolerance to cleaning
with strong acids and alkalis, which may not be suitable for organic membranes. Despite
these advantages, key challenges in commercialization of inorganic membranes include
higher production cost and complex synthesis processes such as sintering that require high

temperature (Mulder, 1996).

2.1.4 Membrane transport mechanisms

Membrane transport mechanisms are primarily governed by membrane characteristics,
physicochemical properties of the permeating substances, and the applied driving force. In
pressure-driven porous membrane processes, transport mechanism primarily follows size-
exclusion, meaning solutes larger than the membrane pore size are usually retained

(Rautenbach & Albrecht, 1989). On the contrary, transport mechanism in dense non-porous
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membranes relies on the solubility of substances into the membrane matrix and their
diffusivities through it, known as solution-diffusion . Furthermore, charge-based separation
occurs when membrane carries surface charges. Typically, a charged membrane attracts
counterions while repelling co-ions of similar charges in a solution, a phenomenon known
as Donnan effect (Donnan, 1995). For instance, a negatively charged membrane repels anions
and attracts cations from the solution. As a result, even if the membrane pore size allows
certain solutes to pass through, they may be retained due to this charge effect. Furthermore,
it’s crucial to consider the charge density of ionic species. Monovalent ions like Na* or CI
have lower charge densities compared to multivalent ions such as SO4> or Mg?". As a result,
ions with higher charge densities are more strongly rejected due to their enhanced charge

interactions with the membrane surface (Mulder, 1996; Rautenbach & Albrecht, 1989).

When discussing the rejection of ionic species by a membrane, its crucial to consider not
only their charge density but also their hydrated size. The polar nature of water molecules
causes them to orient around charged ions, forming a hydration shell. The number of water
molecules in the hydration shell depends on the charge density of the ion. In general,
multivalent ions with higher charge densities attract more water molecules, resulting in a
larger and more strongly held hydration shell than monovalent ions. In aqueous solution, the
effective size of ions, therefore, includes both the radius of ion itself and the hydration shell
radius. The hydrated size of ions is inversely related to their mobility and diffusivity. Thus,
ions with larger hydrated radii are less likely to permeate through the membrane, especially
when the membrane surface charge is neutral (at the isoelectric point). In this case, ion
separation occurs mainly due to steric hindrance rather than charge interactions (Tansel et al.,
2006). It’s important to note that factors such as ionic strength, pH, temperature, and pressure
can exert a stripping effect on hydration shells of ions. Additionally, the intrinsic properties
of ions themselves, including their size and ion valency also affects the strength of hydration

shells (Nightingale, 1959) Table 1 shows the hydrated radii of salt ions utilized in this study.

Table 1: Hydrated radii of salt ions (Nightingale, 1959)

Ion Radius [nm]
Chloride [CI 0.332
Sodium [Na™] 0.358
Sulphate [SO4%] 0.379

Magnesium [Mg?'] 0.428
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A double layer theory provides a fundamental framework to understand how a charged
membrane influences the distribution of ions in an electrolyte solution. Typically, there is a
higher concentration of counterions (ions with opposite charges to that of the membrane
surface) near the interfacial region, forming what is known as the Stern layer. These
counterions are strongly associated and immobile. Moving away from the Stern layer,
concentration of counterions decreases as they are more loosely associated and free to move
(mobile), forming a diffusive layer. Essentially, the concentration of counterions near the
membrane surface is higher than in the bulk solution, creating a potential difference that
decreases with distance from the membrane surface. As illustrated in Figure 6, beyond the
stern plane, there is an imaginary region called plane of shear (or slipping plane), which
serves as an abstract boundary separating the immobile ions from mobile ones. Although the
actual potential influencing the behavior of charged species resides at the Stern plane, its
direct measurement is challenging. Therefore, the electrical potential at the surface of shear,

known as zeta potential, is commonly used as a practical substitute (Peeters et al., 1999).

potential

/’7 \ distance from surface
Stern plane  plane of shear

Figure 6: An illustration of electrical double layer around a charged membrane in an electrolyte
solution (Peeters et al., 1999)

2.1.5 Membrane fouling and mitigation strategies

In membrane processes, fouling can occur either on the surface or within the pores of the
membrane, leading to significant decline in flux and rejection (Song, 1998). Common

foulants include various organic and inorganic precipitates, silicates, colloids, and
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mineral/salt deposits (Xu et al., 2010). Fouling is a complex phenomenon, and its general
theoretical description is difficult. Several factors influence fouling, including membrane

characteristics, feedwater properties, and operational conditions (Abdelrasoul, 2013).

Membrane fouling is directly linked to feedwater properties, such as pH, temperature, and
types and concentrations of the foulants. Furthermore, the physicochemical properties of
foulants, including their charge, size, solubility, and diffusivity play a significant role in the
fouling process (She et al., 2016). Additionally, membrane characteristics, such as pore size,
morphology, surface charge, hydrophilicity/phobicity, and material composition, all have a
direct influence on fouling. In general, membranes with smooth surface, low surface charge,
and high hydrophilicity are less prone to fouling, at least during the early stage of fouling
(Elimelech et al., 1997; Vrijenhoek et al., 2001). Furthermore, operational conditions, such as
temperature, crossflow velocity, and membrane module design significantly influence
membrane fouling. For instance, higher crossflow velocities can reduce fouling by sweeping

away foulants from the membrane surface (Ibrar et al., 2019).

Although fouling cannot be entirely prevented, various strategies can be employed to
minimize it. These strategies mainly include feed pre-treatment, membrane cleaning, and
membrane surface modification (Shon et al., 2009). Standard feed pre-treatment measures
include screening, coagulation/flocculation, adsorption using granular media (e.g. activated
carbon) and anti-scalants (Monnot et al., 2016; Pramanik et al., 2017). Heat treatment and pH
adjustments are also utilized, especially for feed containing proteins to reduce their
electrostatic interactions with the membrane, thereby minimizing their fouling propensity

(Sweity et al., 2011).

Membrane cleaning is always necessary in practical applications regardless of feed pre-
treatment. In cases of reversible fouling, physical methods such as hydraulic cleaning
(backwashing) and mechanical techniques are commonly employed. Backwashing involves
reversing flow direction to dislodge foulants from the membrane surface (Ma, H. et al., 2001).
However, chemical cleaning is often needed for irreversible fouling. Commonly used
chemicals include acids like HCI, alkalis such as NaOH, complexing agents like EDTA, and
disinfectants such as NaOCI. These chemicals are used individually or in combination for
effective removal of a wide range of foulants (Al-Amoudi & Lovitt, 2007). While chemical
cleaning can be effective, it may affect membrane structure and properties. Thus, careful

consideration of chemical type, concentration, and cleaning time is crucial. Furthermore, the
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choice of chemical is influenced by the material composition of the membrane. For instance,
chlorination is effective in removal of bio-foulants in cellulosic membranes, but it degrades
polyamides or PA-TFC membranes (Simon et al., 2013). However, the degradation of top
polyamide layer from irreversibly fouled TFC membranes using strong oxidants such as
sodium hypochlorite can be leveraged for reuse of EoL membranes in lower grade separation
applications. This degradative chemical treatment usually removes the fouled polyamide top
layer and exposes the underlying polysulfone or polyethersulfone porous substrate layers,
which typically have ultrafiltration characteristics. Although the rejection property
significantly decreases compared to the original TFC membrane, the permeance increases,
and the membrane retains separation performance of ultrafiltration or at least microfiltration
membrane. As a result, these chemically treated membranes can be repurposed for
applications such as pre-filtration or brackish water treatment. Overall, repurposing end-of-
life TFC membranes not only extends their lifecycle but also reduces waste (Garcia-Pacheco

et al., 2018; Lawler et al., 2011; Rodriguez et al., 2002).

2.1.6 Membrane surface modification

Membrane surface modification is an effective strategy to enhance the properties and
performance of the membrane. There are several techniques for membrane surface
modification, including polymer grafting, ozone treatment, plasma treatment, nanoparticles
incorporation, and polymer blending and coating. Each of the techniques can be tailored to
address the specific challenge and improve the membrane surface characteristics (Fang et al.,
2013). For instance, to enhance the antifouling property of polymeric membranes, PEG
moiety, zwitterionic polymers, polydopamine and even inorganic nanoparticles (e.g., silver
nanoparticles) can be chemically grafted onto the membrane surface (Ayyavoo et al., 2016;

Hong, Sang Hyeon et al., 2016; Ma, W. et al., 2016; Shafi et al., 2015; Upadhyaya et al., 2018).

Polymeric membrane surfaces inherently contain functional groups such as hydroxyl, amide,
and sulfone, depending on the base polymer. These functional groups can be exploited to
modify or attach specific chemical or functional moieties to impart desired characteristics to
the membrane. This can be achieved through processes such as graft polymerization,

chemical oxidation and functionalization (Mulder, 1996).
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For cellulosic surfaces, several chemical modification methods can be utilized. One
prominent technique is periodate oxidation, which targets the vicinal diols on the glucose
units of cellulose. This reaction cleaves the C2-C3 bond in the glucose unit, converting the
hydroxyl groups present at these positions into aldehyde groups. This introduction of
aldehyde groups significantly enhances the reactivity of cellulose, enabling further chemical

modification or cross-linking reactions (Kim et al., 2000; Sirvio et al., 2011)

Another advanced chemical method for cellulose surface modification is TEMPO-mediated
oxidation. This process typically uses TEMPO, a stable nitroxyl radical, as a catalyst, along
with a primary oxidant, often sodium hypochlorite and a co-catalyst such as sodium bromide.
The oxidation conditions are typically mild, usually performed at room temperature and
slightly alkaline pH condition (10-11). This catalytic process selectively oxidizes the
primary alcohol groups at the C6 position of the glucose units into carboxyl groups. This
selective oxidation is generally confined to the cellulose surface, thereby preserves the
structural integrity of polymer backbone. However, careful control of oxidation conditions,
such as hypochlorite concentration and exposure duration, is crucial to minimize any
potential degradation and dissolution of polymer chains. It is worth mentioning that
TEMPO-mediated oxidation is extensively studied to disintegrate cellulose fibers into
cellulose nanocrystals . In the context of membrane surface modification, controlled
TEMPO-mediated oxidation presents a promising approach to effectively enhance negative
surface charge with the introduction of carboxylic moieties. This method is particularly
advantageous in improving the separation properties of rather porous cellulose membranes,

such as ultrafiltration (Nieminen et al., 2022).

2.2 Polyelectrolyte multilayer (PEM) assembly

Polyelectrolytes are polymers with ionizable groups that can dissociate in strong polar
solvents or aqueous solution (Guerrero, 2016). They are classified as strong or weak based on
the degree of dissociation of their ionizable groups. Strong polyelectrolytes exhibit high
ionization at low concentrations or under mild conditions, whereas weak polyelectrolytes
only partially dissociate. The ionization of acidic or basic functional groups of weak
polyelectrolytes is significantly affected by pH. Essentially, weak polyelectrolytes either
gain or lose charges depending on the solution pH (Forster & Schmidt, 2005). In addition,
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polyelectrolytes are classified based on their charge characteristics, as shown in Figure 7.
Polyanions carry negative charges, while polycations possess positive charges.
Polyzwitterions contain both positively and negatively charged groups within its each
polymer repeating unit. Polyampholytes are polymers with both acidic and basic functional
groups along their chains. The ionization of these functional groups, and thus their charge

characteristics, vary with solution pH (Tanford & Huggins, 1962).

Polycation Polyzwitterion
@ @ @ @ @D
Polyanion Polyampholyte
© 0 0 0 0 @ 0 @ @ ©

Figure 7: General representation of polyelectrolytes based on the charges in their repeating units
(Reurink, 2020)

An ultra-thin multilayer film is typically formed by alternate deposition of oppositely
charged polyelectrolytes onto a charged substrate using a layer-by-layer (LbL) assembly
process. This method was first described by Decher and colleagues, who coated a membrane
with oppositely charged polyelectrolytes to create an electrostatically cross-linked multi-

composite film (Decher et al., 1998).
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Figure 8: Schematic illustration of layer-by-layer assembled multilayers film (Decher et al., 1998)

As illustrated in Figure 8, the formation of multilayer structure begins with the adsorption

of polyelectrolyte with opposite charges onto a charged membrane substrate. When
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polyelectrolytes are adsorbed onto the membrane surface, their polymer charge groups
neutralize the opposite charges of the membrane and eventually lead to surface charge
reversal. This further facilitates subsequent adsorption of oppositely charged
polyelectrolytes. This cyclic deposition of polyelectrolytes with opposite charges ultimately
results in the formation of polyelectrolytes multilayer film (Dutta & Belfort, 2009; Richardson
et al., 2016).

2.2.1 LbL assembly techniques

There are several variations of LbL assembly process, each with its own advantages and
applications. Some of the most common techniques include immersion, spraying, spin-

coating, and fluidic assembly (Richardson et al., 2015).

Immersion involves alternatingly dipping a substrate into polyelectrolyte solutions, followed
by water rinsing to remove excess or unbound polyelectrolytes. This process is simple but
time consuming. However, it can be expediated with techniques like magnetic stirring

(Joseph et al., 2014).

Spray coating involves sequential spraying of oppositely charged polyelectrolyte solutions
onto the substrate, with short time intervals between each spraying step. Compared to
immersion technique, spraying offers rapid and uniform coating of larger substrates with
complex geometries (Izquierdo et al., 2005). However, a significant drawback of this method

includes drainage and subsequent loss of polyelectrolytes during spraying (Dubas et al., 2001).

In spin coating, polyelectrolyte solutions are sprayed alternatingly onto a spinning substrate.
The spinning effect spreads the polyelectrolytes evenly across the substate surface and
removes excess or loosely bound polyelectrolytes. This technique usually yields smooth and
highly uniform multilayer structure. However, this technique is applicable to only planar

substrate with relatively small area (Chiarelli et al., 2002).

Fluidic assembly utilizes automized fluidic device for polyelectrolytes coating. This
technique allows precise control of parameters affecting multilayer growth, such as flowrate,
applied pressure, coating time, and rinsing sequence. Controlled flow of polyelectrolyte

solutions facilitates the formation of thin and uniform multilayers film (Sanyal & Lee, 2014).
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2.2.2 Factors affecting LbL assembly of PEM

The growth, structure, properties, and performance of LbL-coated multilayer membranes are
affected by several factors, including pH and ionic strength of polyelectrolyte solutions,
coating time, coating method, temperature, and the physicochemical characteristics of both
the substrate and polyelectrolytes. Therefore, precise tuning of these parameters is crucial
for control over resulting characteristics of the multilayer membrane (Dubas & Schlenof,

1999).
Substrate

The deposition of polyelectrolytes onto a substrate is affected by its physicochemical
properties, such as surface charge, porosity, roughness, and wetting characteristics. These
substrate attributes exert significant influence on both polyelectrolyte-substrate interactions
and polyelectrolyte-polyelectrolyte interactions, especially during the initial PEs bilayers

formation (Guzman et al., 2011).

The surface charge density of the substrate plays a crucial role in the LbL assembly process.
A higher surface charge density generally promotes stronger electrostatic interactions with
oppositely charged polyelectrolytes, facilitating their rapid adsorption and leading to the
formation of a dense and stable multilayers. However, excess of surface charge on the
substrate can have adverse effects as it can exert significant charge influence over
subsequently deposited polyelectrolyte layers. This influence can disrupt orderly deposition
of polyelectrolytes and often leads to polymer mixing, consequently compromising the
internal charge balance, uniformity, and stability of the multilayer film (Guzman et al., 2011;

Mesi¢ et al., 2022).

The porosity of the substrate is another important factor in multilayer buildup as it influences
the adsorption behavior of polyelectrolytes. When discussing substrate porosity, it is
important to recognize two distinct adsorption regimes which are typically observed during
LbL assembly process: pore-dominated and layer-dominated. In the pore-dominated regime,
which occurs during the initial stage of multilayer buildup, polyelectrolytes are primarily
adsorbed within the substrate’s pores. As more polyelectrolyte layers are deposited, the pores
gradually fill up and the adsorption regime shifts towards a layer-dominated one. This

transition towards a layer-dominated adsorption regime occurs more rapidly on substrates



28

with smaller pore sizes and also when larger molar mass polyelectrolytes are used for
coating. In practical terms, porous membranes are preferred as substrates when higher
permeance is desired from the assembled multilayer membrane, while denser membranes
are more suitable for applications requiring higher solute rejection (de Grooth et al., 2015;

Stumme et al., 2021).

The surface roughness of the substrate can be advantageous as it provides more binding sites
for polyelectrolytes. However, excessive roughness often leads to non-uniform deposition
of polyelectrolytes, resulting in variations in multilayer film thickness and morphology
(Mesic¢ et al., 2022). Furthermore, polyelectrolytes deposition on rougher substrate can create
structural deformities within the multilayer film which can significantly affect its overall

stability (Trybata et al., 2009).
Polyelectrolytes

The inherent properties of polyelectrolytes, such as charge density, molar mass, chemical
structure, pH sensitivity, and hydrophilicity/phobicity significantly impact the growth,
thickness, surface morphology, stability, and performance of the multilayer membrane

(Dubas & Schlenoff, 1999; Liu, G. et al., 2013).

The charge density of polyelectrolytes has a notable influence on the growth kinetics and
film thickness of the multilayer membrane. Strong polyelectrolytes, which are typically
characterized by higher charge density, promote intrinsic interactions among polymer charge
groups. This usually results in the formation of a dense, thin, and uniform multilayer
membrane with a linear growth mode. It is worth noting that background salt concentration
in polyelectrolyte solutions can alter the electrostatic interactions of polymer charge groups.
Higher background salt concentration essentially means presence of more counterions in the
polyelectrolyte solutions, promoting extrinsic interactions with polymer charge groups. This
usually results in exponential multilayer growth, yielding a non-uniform and thick multilayer
structure with rough surface morphology. In addition to the charge density of
polyelectrolytes, their polymer chain structure and hydrophilicity/phobicity also influence
the properties and structure of the assembled multilayer. In general, polyelectrolytes with
linear and flexible polymer structure (less rigid) and hydrophilicity usually lead to thinner,

densely packed, and more uniform multilayer formation (Joseph et al., 2014).
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The molar mass of polyelectrolytes is another crucial factor that influences their adsorption
behavior and growth mode during multilayer assembly. Generally, higher molar mass
polyelectrolytes exhibit enhanced adsorption, leading to faster multilayer film growth and
the formation of thicker and less dense polyelectrolytes multilayer (Regenspurg et al., 2022;
Towle et al., 2020). Furthermore, the concentration of polyelectrolytes in the coating solutions
is an important parameter. Higher polyelectrolyte concentration typically results in faster
and thicker multilayer formation. It is noteworthy that a critical threshold of polyelectrolyte
concentration is always required for charge neutralization and surface charge reversal of the
substrate or the previous PE layer, which is essential for subsequent polyelectrolyte

deposition (Guzman et al., 2020).

The final adsorbed polyelectrolyte monolayer, known as the terminating layer, notably
influences the surface properties of the multilayer membrane. A phenomenon, commonly
referred to as odd-even effect, arises due to the intrinsic properties of the terminating layer,
including its charge, hydrophilicity/phobicity, and swelling behavior. For instance,
terminating the multilayer with a polycation yields a positive surface charge, while anionic
polyelectrolyte termination results in a negative surface charge. Additionally, this reversal
in surface properties depending on the terminating polyelectrolyte layer is often observed in
other multilayer surface properties, including swelling behavior, surface roughness,
wettability, and permeance. However, it is crucial to note that the terminating polyelectrolyte
layer is not the sole determinant for the resulting multilayer structure and properties. Other
factors, such as the number of bilayers deposited, coating condition (e.g., pH, ionic strength),
physicochemical properties of polyelectrolytes pair and the substrate also play significant
roles in determining the characteristics of the multilayer membrane (Abbott et al., 2014;

Elzbieciak, Magdalena et al., 2008; Miller & Bruening, 2005).
Ionic strength

Initially, it was presumed that internal charges within the multilayer film were balanced by
complete charge neutralization between polycations and polyanions, following a 1:1 charge
neutrality model . However, as research progressed in LbL assembly of polyelectrolytes, it
became evident that charge interactions of polymer chains was more complex than simplistic
electroneutrality. LbL assembly of polyelectrolytes inherently involves incorporation of
counterions (salt ions) within the multilayer structure. At low ionic strength, electrostatic

interactions predominantly occur between polyanions and polycations (Pol” and Pol"),
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known as ‘intrinsic’ compensation. On the contrary, counterions compete with polymer
charge groups for ion pairing under high ionic strength condition. This ‘extrinsic’
compensation by counterions (Pol'Na'/Pol"CIl") often results in a more complex charge
interactions within the multilayer (Ghostine et al., 2013b; Saloméki et al., 2004). The dual

mechanism of charge compensations within a multilayer is illustrated in Figure 9.
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Figure 9: Schematic representation of intrinsic and extrinsic charge interactions in PEM membrane
(Ghostine et al., 2013b)

In a study using radiolabeling and radiocounting of counterions, Fares et al (2015)
demonstrated that 20-bilayer PSS/PDADMAC assembled withpolyelectrolyte solutions
containing 1M NaCl resulted in approximately one-third of extrinsically compensated
PDADMAC, leading to positive charge overcompensation of the multilayer (Fares et al.,
2015). Similarly, several studies have also reported that PSS/PDADMAC multilayers
assembled under high ionic strength of polyelectrolyte solutions (usually exceeding 0.5M
NaCl) result in positive overcompensation by PDADMAC. This excess positive charge
overcompensation has been associated with reduced separation performance of the
multilayer membranes . Ghostine et al (2013) suggested that PDADMAC overcompensation
does not necessarily occur with every bilayer deposition during multilayer buildup. Instead,
initial bilayers deposition in 0.5M NaCl exhibit a standard odd-even surface charge effect
and excess positive sites (PDADMAC compensated by chloride ions) only appear after
approximately 12 bilayers (Ghostine et al., 2013b).

In addition to internal charge balance, ionic strength also influences the growth mode,
structure, and properties of the PEM. Typically, at low ionic strength, the LbL assembly
process follows a linear growth pattern, resulting in a thinner, stable, and more uniform

multilayer film. However, at higher ionic strength, the growth pattern transitions from linear
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to asymmetric or even exponential mode. As a result, thicker and less dense multilayers are
formed which are often characterized by highly intermixed polymer layers and rough surface
morphology (Debais & Tagliazucchi, 2022; Klitzing, 2006; Salehi et al., 2015; Tang & Besseling,
2016).

The influence of ionic strength on multilayer film thickness is closely linked to the choice
of polyelectrolytes pair. For multilayer comprising strong/strong polyelectrolytes, there is
almost a linear increase in multilayer film thickness with each bilayer deposition and
background salt concentration. Dubas and Schlenoff (1999) reported that PSS/PDADMAC
multilayer assembled in 1M NaCl, film thickness increased by 27 nm with each bilayer
deposition. Additionally, increasing the salt concentrations beyond 1M NaCl resulted in a
linear increment in multilayer film thickness . In a separate study, Dubas and Schlenoff
(2001) observed that the influence of background salt concentration in multilayer thickness
was more complex for PEM composed of weak polyacid (PAA) and strong polycation
(PDADMAC). Initially, increasing salt concentration led to increased multilayer film
thickness, reaching its maximum at 0.3M NaCl. However, further increase in salt
concentration resulted in rapid decline in multilayer film thickness (Dubas & Schlenoff,

2001a).

The ionic strength of the polyelectrolyte solution also affects the polymer chain
conformation. At low ionic strength, polymer chains usually exhibit linear or more extended
conformations due to enhanced electrostatic repulsion among similarly charged polymer
segments. However, at high ionic strength, polymer chains adopt more coiled or ‘loopy’
conformation as counterions screen charges along the polymer chains and suppress
electrostatic repulsion among polymer segments with like charges. Additionally, increase in
ionic strength can affect the hydration level of the polymer chains, further influencing their

conformational behaviour (Joseph et al., 2014; Schonhoff et al., 2007).
Solution pH

Polyelectrolytes contain ionizable groups that are affected by the solution pH. This pH
sensitivity is especially evident in weak polyelectrolytes with weak acidic or basic functional
groups. In general, acidic functional groups become more ionized as pH increases, while

basic groups ionize more under lower pH. This pH-dependent ionization of functional groups
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directly affects the charge density of polyelectrolytes, influencing their electrostatic

interactions during multilayer buildup (Junker et al., 2022; Tagliazucchi et al., 2007).

Shiratori & Rubner (2000) studied the effect of solution pH on the LbL assembly of weak
polyelectrolytes pair, poly(acrylic acid) (PAA) and poly(allylamine hydrochloride) (PAH).
The study reported significant changes in polymer adsorption behavior and multilayer
thickness with minor pH adjustments. Furthermore, multilayer deposition was completely
inhibited at specific pH conditions (pH 3.5 for PAH and 7.5 for PAA) (Shiratori & Rubner,
2000).

Elzbieciak et al. (2009) examined the effect of solution pH on polyelectrolyte multilayer
composed of strong polyanion and weak polycation (PSS/PEI). They observed that at pH 6,
when PEI is highly charged, multilayer film thickness increased linearly with increasing
number of deposited bilayers. However, at pH 10 when PEI is weakly ionized, unexpected
oscillating multilayer growth behavior was observed. Specifically, multilayer thickness
increased with each PSS monolayer deposition, while subsequent deposition of PEI

decreased it (Elzbieciak, M. et al., 2009).

Elshof et al. (2020) highlighted that multilayer composed of strong/strong polyelectrolytes
(PSS/PDADMAC), showed remarkable stability in highly acidic and basic conditions (Elshof
et al., 2020).

2.2.3 Salt annealing

Kovacevic et al. (2002) reported that beyond a critical salt concentration (approximately 1M
NacCl), salt ions break the interactions between polymer chains via charge screening and
increase their mobility within the multilayer film (Kovacevic et al., 2002). Similarly,
temperature can also disrupt polymer chain interactions and enhance chain mobility. Krebs
et al. (2006) indicated that concentrated salt solution has a more pronounced impact on on
multilayer structure compared to temperature (Krebs et al., 2006). However, Shamoun et al.
(2012) suggested that increasing salt concentration or temperature has similar effects on
polyelectrolyte chain mobility (Shamoun et al., 2012). Regardless, salt-induced charge

screening along the polymer chains and subsequent polymer chain mobility provides an
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opportunity to modify the structure and properties of the multilayer membranes post-

assembly.

Han et al. (2012) studied the impact of varying salt concentration (1-5M NaCl) as a post-
assembly treatment of (PSS/PDADMAC); multilayer film. They observed that the mass and
thickness of the PEM decreased with increasing salt concentration, a phenomenon
commonly referred to as "salt etching" in literature. They reported that notable PEM mass
loss started to occur beyond 2M NaCl, reaching up to 72% at SM. Additionally, the study
noted that polymer dissolution began near the surface and progressed through the bulk of the
multilayer (Han et al., 2012). Several studies have also reported the efficacy of post-assembly
salt treatment in modifying the structure and properties of polyelectrolyte multilayers. This
treatment strategy has shown to reduce surface roughness, promote stratification of inter-
diffused polymer layers, and enhance overall homogeneity and stability of the multilayer

membranes (Dubas & Schlenoff, 2001b; Jomaa & Schlenoff, 2005).

As frequently highlighted, thick PSS/PDADMAC multilayers (usually over 12 bilayers)
assembled under high ionic strength, typically exceeding 0.5M NaCl, often exhibit
overcompensation by PDADMAC (Ghostine et al., 2013b; Tang & Besseling, 2016). This
extrinsic positive overcompensation has been linked with reduced separation properties of
the multilayer, particularly in the rejection of anionic species (Fares et al., 2015; Reurink et al.,
2018). As illustrated in Figure 10, Fares et al. (2015) proposed a post-assembly salt treatment
method called 'cyclic salt annealing' to address this issue and to achieve a fully intrinsic
polyelectrolyte multilayer. This method involved soaking (PSS/PDADMAC),o multilayer in
a 2M NacCl solution for 30 minutes, followed by immersion in a 10mM PSS solution (same
PSS solution with 1M NaCl used during PEM assembly), and subsequent rinsing with pure

water.
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Figure 10: Cyclic salt annealing scheme showing sequential immersion steps in (1) 2M NaCl solution
(2) 10 mM PSS with 1 M NacCl, and (3) water rinse (Fares et al., 2015)

The authors proposed that a concentrated salt solution (2M NaCl) acts as a plasticizer beyond
the glass transition temperature of the multilayer, promoting polymer chain mobility and
facilitating the dispersion of extrinsic PDADMAC throughout the multilayer film.
Subsequent multilayer immersion in a PSS solution supposedly consumes the dispersed
PDADMAC near the film surface via intrinsic polymer groups interactions. Water rinses
were then used to wash off unbound counterions and polyelectrolytes. Through radiolabeling
and radiocounting techniques, the study demonstrated that seven cycles of salt annealing
effectively removed over 95% of the counterions (extrinsic PDADMAC) from the original
multilayer (Fares et al., 2015). Furthermore, the study highlighted that cyclic salt annealing
resulted in smoother multilayer surfaces compared to non-annealed ones. AFM images
depicted in Figure 11 illustrate this observation. These images show a substantial reduction
in surface roughness of PEM after salt annealing. Particularly, after seven annealing cycles
(image B), the PEM surface appears nearly flat, indicating a more compact, uniform, and

smooth multilayer structure (Fares et al., 2015).
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Figure 11: AFM images of PSS/PDADMAC multilayer surface before (A, C) and after (B, D) salt
annealing. Image (B) and (D) show PEM surface after 7 and 2 annealing cycles, respectively (Fares
etal., 2015)

Reurink et al. (2018) reported that the surface charge of PSS/PDADMAC multilayer
assembled in 1M NaCl background salt deviates from the typical odd-even effect and
becomes increasingly positive beyond 9 bilayers, even after terminating with PSS (Figure
12A). To address this issue, the authors employed the cyclic salt annealing method proposed
by Fares et al. (2015) They found that cyclic salt annealing effectively restored the negative
surface charge of the multilayer, as illustrated by red triangles in Figure 12. Additionally,
only after two annealing cycles, the most negative zeta potential for the multilayer was
achieved. Furthermore, the study reported that sulfate retention of salt annealed PEM

membrane increased from 38% to 95% (Reurink et al., 2018).
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Figure 12:(A) Zeta potential of PSS/PDADMAC PEM plotted against number of deposited
polyelectrolyte layers. (B) Zeta potential as a function of annealing cycles of PEM (Reurink et al.,
2018).
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3 Experimental procedure

The experimental procedure in this study follows a sequential approach to modify the
cellulose membrane surface, starting with TEMPO-mediated oxidation, followed by LbL
assembly of PSS/PDADMAC, and subsequent salt annealing. The main objective was to
examine the changes in membrane surface properties and performance, including surface

charge, morphology, water permeance, and salt ion rejection with each modification step.

3.1 Chemicals and materials

In this study, a commercial cellulose ultrafiltration membrane (RC10PE) from Alfa Laval,
comprising a regenerated cellulose acetate top layer supported by polyester base layer was
used. According to the manufacturer, molecular weight cut-off (MWCO) value of the
membrane is 10 kDa. Additionally, the recommended operating pH, temperature, and

pressure ranges are 1-10, 5-60°C, 1-10 bar, respectively (Alfa Laval).

A detailed overview of chemicals including their purity, brand, and specific application in

this study is presented in Table 2.

Table 2: Chemicals with their CAS numbers, suppliers, and specific application in this study

Chemicals CAS Supplier, purity Use

TEMPO - (2,2,6,6-
tetramethylpyperidine-  2564-83-2

ACROS Organics,

0
1-oxy radical) 8%
NaBr 7647-15-6  J.T.Baker .
TEMPO-mediated
NaOH 1310-73-2  VWR Chemicals oxidation
Thermo Scientific,
NaOCl 7681-52-9 11-15%
Ethanol 64-17-5 Altia, Etax A
PEG - poly(ethylene 25322-68-3 Sigma-Adrich, MWCO analysis
glycol) Germany
MgCl, 7786-30-3 VWR Chemicals,

USA; high purity Salt ion rejection

NaxSO4 7757-82-6  Merck, Germany
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PSS - Poly(sodium 4-

25704-18-1 Alfa Aesar, 70 kDa
styrene sulfonate)

f]?)?]()(i\iiﬁclcii- Sigma-Aldrich, USA;
nliet}}llylamn}; onium 26062-79-3 20 wt.% in water LbL assembly
chloride) (400-500 kDa)
NaCl 7647-14-5 ~ Sigma-Adrich,
Denmark
NaCl 7647-14-5  Sigma-Adrich, Salt annealing
Denmark

The conductivity of deionized water used for solution preparation was below 2 n8/cm, and
all the solutions were prepared at room temperature. All glassware used during the

experimental work was thoroughly washed and dried.

3.2 TEMPO-mediated oxidation

TEMPO-mediated oxidation of cellulose membranes in this study is based on the work of
Nieminen et al., (2022), with an oxidant exposure of 50 M min m™. Prior to TEMPO-
oxidation, cellulose membrane was thoroughly rinsed with warm water and soaked in
deionized water to remove the glycerol coating used for membrane storage. The oxidation
process was carried out in a mixing reactor filled with approximately 4L of deionized water.
The membrane was submerged into the reactor, and approximately 12.3 mL of NaBr (10
mmol/L) and 25.7 mL TEMPO (2,2,6,6-tetramethylpiperidin-1-oxyl) (1 mmol/L) were
added. The main oxidant, approximately 5.14 mL of NaOCI (5.14 mmol) was then added,
and timer was set. The pH was maintained at around 10.8 by periodically adding small
amounts of IM NaOH. After 2 hours, the reaction was quenched with approximately 200
mL of ethanol. The oxidized membrane was then rinsed with ethanol and deionized water to
remove any residual hypochlorite, before being stored in deionized water at room

temperature.
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3.3 LbL assembly of polyelectrolytes

In this study, a fluidic assembly method was used to deposit polyelectrolytes onto TEMPO-
oxidized membranes. An automated fluidic system, illustrated in Figure 13, was used for
simultaneous coating of four membrane cells in parallel. Each membrane cell had channel
dimensions of 20 mm width, 52 mm length, and 1 mm height. This automated setup provided
precise control over coating parameters such as coating time, applied pressure, flow rate, and

rinsing sequence.

Programming with LabVIEW

I I e i el e aal
valve

00

Conductivity Pressure Flow
meter sensor meter ......
v

Figure 13: Schematic view of LbL assembly setup (Moradi et al., 2019)

In this study, poly(diallyl dimethylammonium chloride) (PDADMAC) (400-500 kDa) was
used as the polycation and poly(styrene sulfonate) (PSS) (70 kDa) as the polyanion. Each
coating solution had a polyelectrolyte concentration of 0.1 g/L and 0.1M NaCl as the
background salt. A separate 0.1 M NaCl solution was prepared for the salt rinsing step.
Deionized water was used for water rinsing. The parameters were configured in the assembly
system, as outlined in Table 3, which the system followed automatically for polyelectrolyte

coating.
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Table 3: LbL coating sequence.

LbL coating step Time (s) Flowrate (g/min) Pressure (bar)
PE coating 180 250 0.4
Compaction 60 800 0.75

NaCl rinse 120 250 -

H>O wash 360 700 0.5

The initial monolayer deposited was PDADMAC, given the negative surface charge of
TEMPO-oxidized cellulose membrane substrate. After cationic monolayer, the system
continued with the deposition of PSS to form one PDADMAC/PSS bilayer. This alternating
deposition of PDADMAC and PSS continued until the desired number of bilayers was
reached. Two types of multilayers were assembled: one comprised of 9 bilayers (terminated

with PSS), and the other with 8.5 bilayers (PDADMAC-terminated).

3.4 Salt annealing

In this study, post-assembly salt annealing of multilayer membranes was adapted from a
previous study by Fares et al., (2015), with parameters adjusted to fit the multilayer

membranes used in this study.

First, 9 bilayers coated (PSS-terminated) multilayer membrane was continuously rinsed with
2M NaCl solution for 30 minutes. This salt rinsing step was followed by pure water wash
for 15 minutes or until the conductivity dropped below 3 pS/cm. Finally, an additional
anionic monolayer (PSS) was deposited using the same polyelectrolyte coating solution and
procedure used for the multilayer assembly (see Table 3). Collectively, these three sequential

steps, as illustrated in Table 4, constituted as one salt annealing cycle.

For multiple salt annealing cycles, multilayer membranes were prepared in batches under
identical coating conditions, as outlined in Table 3. The salt annealing process was

conducted using the same automated LbL assembly system, as depicted in Figure 13.
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Table 4: Salt annealing sequence

Salt annealing step Time (s) Flowrate (g/min) Pressure (bar)
2M NaCl rinse 1800 250 -

H,O wash 900 700 0.5

PSS coating 180 250 0.4
Compaction 60 800 0.75
0.IM NaCl rinse 120 250 -

H>O wash 360 700 0.5

3.5 Filtration tests

Filtration tests were carried out using a crossflow filtration system, illustrated in Figure 14.
This system comprised of several components, including a feed tank, rotameter, pressure
valves, pump, and membrane module comprising four parallel cells, with an effective
membrane area of 0.00104 m? per cell.
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Figure 14: A schematic representation of the crossflow filtration system (Lopatina, 2023)

Filtration was carried out in recirculation mode, with the retentate stream recirculating into

the feed tank. The flowrate percentage of the rotameter was converted into crossflow

velocity (m/s) using a calibration curve provided in Appendix 1. To minimize concentration
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polarization effects, a crossflow velocity of 2 m/s was set for filtration tests. At this velocity,
the Reynolds number was approximately 4300, indicating a turbulent flow condition.
Additionally, membranes were pre-compacted at 5 bar for 20 minutes to avoid any
compaction during filtration tests. A temperature controller was used to maintain the feed
stream temperature at 25°C. After each filtration test, the system was thoroughly rinsed with

tap and deionized water until the conductivity of the feed stream dropped below 10 puS/cm.

The pure water permeance (PWP) was calculated by measuring fluxes at different pressures
and then plotting these fluxes against the corresponding pressures using the following
equations.
o
58 P

Where J is the membrane flux (L/m?h), ¥, is the volume of permeate collected (L), 4 is

effective membrane area (m?), and ¢ is permeation time (h).

Where P is permeance of the membrane (L/m>hbar) and Y1) represents pressure gradient

across the membrane (bar).

To study the rejection of salt ions, separate solutions of magnesium chloride (MgCl,) and
sodium sulfate (Na>SO4) at a 500 ppm concentration was used. The conductivities of both
the feed and permeate streams from each salt solution were measured using a Consort C3010
multi-parameter analyzer equipped with a temperature-compensated probe set to 25 °C.
These conductivity measurements were then used as input in Equation 3 to calculate the

membrane's retention towards the charged salt ions.

P = (0]

v :
w w

Here, crrepresents the concentration of solute in the feed, while c, denotes the solute

concentration in the permeate.
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3.6 Membrane characterization techniques

Several membrane characterization techniques were used to examine changes in membrane
surface properties after each treatment step. These techniques included size-exclusion
chromatography for neutral solutes rejection, scanning electron microscopy for surface

morphology, and streaming current measurements for surface charge.

3.6.1 Molecular weight cut-off (MWCO)

Filtration of neutral solutes is a standard method to determine the molecular weight cut-off
(MWCO) value of membranes. The nominal MWCO is defined as the lowest molecular
weight at which the membrane achieves over 90% rejection. Poly(ethylene glycols) (PEGs)
are commonly used for MWCO analysis due to their water solubility, narrow molecular
weight distribution, and minimal adsorption on most polymeric surfaces (Pradanos et al.,

1995).

In this study, a mixture of PEGs with six different molar masses (0.3, 1, 3, 8, 12, 35 kDa)
was used, each at a concentration of 100 ppm. The filtration condition was standardized at
40 L/m*h flux to minimize concentration polarization. PEGs concentration both in the
permeate and feed streams were analyzed using a high-performance liquid chromatography
and size-exclusion chromatography (HPLC-SEC). Prior to HPLC-SEC analysis, all the

PEGs samples were filtered through 0.2 um cellulose filters to ensure purity.

The HPLC-SEC setup consisted of a PolySep-GFC-P-3000 column (300 x 7.8 mm) from
Phenomenex, connected to a 1260 Infinity HPLC system by Agilent Technologies. The
HPLC system was equipped with a refractive index detector. Deionized water was used as
the eluent. This configuration allowed separation of PEGs based on their molecular radii,
with larger PEGs eluting faster than smaller ones. The refractive index detector recorded the
elution profile of individual PEG components. By analyzing the retention times and peak

areas, the molecular composition of each sample was determined.
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3.6.2 Membrane surface charge

The surface charge of membrane was determined by streaming current measurements using
a SurPASS Electrokinetic analyzer (Anton Paar GmbH). Membrane samples were first
rinsed with deionized water, then cut into 10mm x 20mm pieces, and secured onto sample
holders using double-sided tape. The samples were mounted onto adjustable gap cell which
was then connected to the electrokinetic analyzer system. The system was first rinsed with
deionized water, followed by an electrolyte solution (1 mmol/L KCI) at 200 mbar pressure.
During this rinsing step, the cell gap was adjusted to approximately 120 um. Next, the main
electrolyte solution (1 mmol/L KCl) was used, and its pH was adjusted to approximately 8
by adding drops of 0.1M KOH. Nitrogen gas was continuously bubbled to prevent
acidification from carbon dioxide dissolution. The automated measurement process followed
this sequence: automatic titration of the electrolyte solution with 0.05M HCI, rinsing at 200
mbar for 160 seconds, and streaming current measurement for 20 seconds at 200 mbar. The
system measured four consecutive ramps for each pH point until reaching pH 3, while

simultaneously generating the zeta potential ({) as a function of pH.

3.6.3 Membrane surface morphology

The membrane surface morphology was analyzed using a Hitachi SU 3500 scanning electron
microscopy (SEM) from Japan. This instrument utilizes an electron beam to scan the
membrane surface, producing signals that are detected and converted into images. Before
SEM analysis, the membranes were air-dried to remove moisture. Furthermore, to improve
image clarity and minimize charging effects, a thin layer of gold was sputtered onto the
membrane surface. The micrographs were captured with 5 kV and 10 kV acceleration

voltages at 500x, 2000x, and 5000x magnifications.
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4 Results and discussion

This section presents the results and discussion on TEMPO-oxidized, LbL multilayer coated,
and salt annealed cellulose membrane (RC10PE), with SEM images, chromatographic data,
and zeta potential. Additionally, water permeance of the membrane and salt ion rejection
after each treatment step are examined. Any correlation between the membrane
characterization results and the observed separation behavior is analyzed to provide a

comprehensive understanding of these membrane modifications.

4.1 TEMPO-oxidized cellulose membrane

SEM micrographs in Figure 15 show the surface morphologies of cellulose ultrafiltration

membranes (RC10PE) before (A, B) and after (C, D) TEMPO-mediated oxidation.

100um LUT 15

Figure 15: SEM micrographs of native (A, B) and TEMPO-oxidized (C, D) cellulose membrane
(RC10PE)
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The native membrane surface shows numerous densely distributed granular structures,
varying in sizes from 1 to 4 um. After TEMPO oxidation, many of these granular structures
seem to have been minimized or even removed. Overall, TEMPO-oxidized membrane
surface appears smoother and more uniform compared to the native RC10PE membrane.
Interestingly, occasional defects and deformities are observed on the TEMPO-oxidized

membrane surface, especially noticeable under higher magnification, as seen in micrograph
(D).

Both the native and TEMPO-oxidized cellulose membranes showed similar rejections of
PEGs, as illustrated in Figure 16. Additionally, both the membranes had a molecular weight
cut-off (MWCO) value of around 2.8 kDa, significantly lower than the specified MWCO of
10 kDa for the native RC10PE membrane. Notably, TEMPO-oxidized membrane showed
slightly better rejection of smaller PEGs compared to its native counterpart. While this
increase in rejection of smaller PEGs is marginal, it is noteworthy that TEMPO-oxidation of
cellulose membranes under high oxidant exposure can potentially alter the membrane
surface structure and separation properties. In a recent study, Nieminen et al. (2022)
observed that TEMPO-mediated oxidation under higher hypochlorite exposure (exceeding
100 M min m?) significantly increased the MWCO values of cellulose ultrafiltration
membranes, indicating potential dissolution of amorphous cellulose and consequent

alteration in membrane pore structure and distribution (Nieminen et al., 2022).
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Figure 16: PEG rejection of cellulose ultrafiltration membrane (RC10PE) before and after TEMPO-
oxidation. PEG molar mass in logarithmic scale. Dotted lines for clarity. Filtration in a crossflow
system with total 600 ppm PEG mix at around 40 L/m?h flux, 2 m/s crossflow velocity and 25°C
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Zeta potential of cellulose membranes, both before and after TEMPO-oxidation, reveal
negative surface charges, as illustrated in Figure 17. The native membrane (RC10PE) had a
surface charge of -35 mV at pH 7, while the TEMPO-oxidized membrane showed
significantly higher surface charge of -80 mV at pH 7. This increase in negative surface
charge post-oxidation can be attributed to introduction of anionic carboxylic groups onto

cellulose membrane surface during TEMPO-oxidation .

-10 -\% RSN - -& - Native RC10PE

Y. B - -& - TEMPO-oxidized RC10PE

Zeta potential [mV]
5

pH

Figure 17: Zeta potential of cellulose ultrafiltration membrane (RC10PE) before and after TEMPO-
oxidation as a function of pH. A solid vertical line marks pH 7, and two dotted vertical lines denote
the pH of salt solutions: 6.7 for Na,SO4 and 7.2 for MgCl,

The native RC10PE membrane exhibited water permeance of approximately 63 L/m”hbar,
attributed largely to its inherent hydrophilicity and porous structure. After TEMPO-mediated
oxidation, despite similar MWCO values (~2.8 kDa), water permeance increased to around
74 L/m’hbar, as shown in Figure 18. This increase in water permeance is likely linked to
changes in membrane surface structure rather than functional changes. This is because native
cellulose is inherently very hydrophilic due to abundant polar hydroxyl groups within its
regular chain structure (Mulder, 1996). Therefore, the increased water permeance is likely a
result of smoother and more uniform membrane surface observed after TEMPO-oxidation
(see Figure 15), which promotes more uniform fluid flow. Additionally, it is also possible
that TEMPO-oxidation might have caused minor degradation of the cellulose interfacial

surface, potentially impacting its pore structure.
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Figure 18: Water permeance of cellulose ultrafiltration membrane (RC10PE) before and after
TEMPO-oxidation. MWCO values shown on the right axis. Filtration tests performed in a crossflow
system at 25 °C

In membrane processes, nanofiltration and reverse osmosis membranes are commonly
employed for rejection of multivalent and monovalent salt ions, respectively. These dense,
often non-porous membranes primarily reject salt ions via charge-expulsion and partly
through size-exclusion (Strathmann, 2011). Studies suggest that highly charged ultrafiltration
membranes can also reject multivalent ions via Donnan effect, even if the ions are smaller
than the membrane’s pore size (Jitsuhara & Kimura, 1983; Reddy et al., 2003). In line with this
understanding, the native cellulose membrane (RC10PE) with its negative surface charge
(see Figure 17) should theoretically repel salt ions based on the charge effect. Contrarily, it
exhibited notably low rejection rates for both MgCl, (below 1%) and Na;SO4 (approximately
3%), as shown in Figure 19. These low rejection rates suggest that the negative surface
charge on the native membrane may not be sufficient to induce charge repulsion of anions
from salt solutions. Furthermore, relatively larger pore size of the membrane (ultrafiltration)

compared to the salt ions likely allows for easier permeation.
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Figure 19: Rejection of MgCl, and Na;SO4 before and after TEMPO-oxidation of RC10PE. Filtration
in a crossflow system with individual 500 ppm salt solutions at around 40 L/m’h flux, 2 m/s crossflow
velocity and 25°C. Zeta potential at the pH of respective salt solution on the right axis.

TEMPO-oxidized cellulose membrane, on the other hand, showed improved salt ion
rejection compared to its native counterpart, with rejection rate of about 1% for MgCl, and
approximately 20% for Na>SO4. These improved rejections can be mainly ascribed to higher
negative surface charge resulting from TEMPO-mediated oxidation, which introduces
anionic carboxylic moieties onto the cellulose surface. However, it should be noted that
rejection of MgCl, remained minimal at around 1%. The observed difference in rejection
rates between the two salt solutions can be explained by salt ions pairings and their charge
densities. MgCly, a 2-1 type salt, consists of two monovalent chloride ions, while Na>SO4 is
a 1-2 type salt with a divalent sulfate ion. Divalent sulfate ions have higher charge densities
compared to monovalent chloride ions, leading to stronger charge interactions with the

membrane and consequently more rejection (Mulder, 1996).
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Additionally, sulfate ions have larger hydrated sizes compared to chloride ions (see Table
1), which may enhance their rejection via size-exclusion. However, it's important to
emphasize that the mean pore size of ultrafiltration membrane is significantly larger than
that of sulfate ions, and salt ions rejection primarily occurs through Donnan-effect in this

context.

4.2 LbL coated PEM membrane

In this study, two types of multilayer membranes were assembled: one with 9 bilayers
terminated with PSS and the other with 8.5 bilayers terminated with PDADMAC.
Theoretically, these multilayers should exhibit uniform and stratified surface morphologies.
However, SEM images in Figure 20 show that both PSS- and PDADMAC-terminated
multilayer membranes display coarse and irregular surfaces with polymer clusters that
appear highly mixed. It should be noted that samples were dried before SEM imaging. The
morphology of multilayer membranes differs significantly depending on the hydrated or
dried states of polyelectrolytes. Generally, polyelectrolytes have high water uptake and
drying leads to shrinkage, resulting in rougher multilayer morphology (Schlenoff et al., 2008)

&
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Figure 20: SEM images of PSS/PDADMAC multilayer membranes with different PE terminations.

The exact reason for this unusual multilayer surface morphology is unknown at this point.
However, it may stem from various factors including coating conditions, assembly
technique, and the physicochemical properties of the substrate and polyelectrolytes (Dubas
& Schlenoff, 1999). One plausible explanation can be the physicochemical properties of the
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substrate. Studies suggest that the substrate characteristics, particularly its charge density
and hydrophobicity/hydrophilicity, significantly influence the multilayer surface
characteristics. These substrate properties create a complex interplay of charge and
hydrophilic/hydrophobic interactions with the polyelectrolytes, especially during initial
phase of polyelectrolytes deposition, leading to variations in multilayer film thickness,
roughness, and even polymer aggregation (Buron et al., 2007; Guillaume-Gentil et al., 2011;
Guzman et al., 2011; Sadman et al., 2017). In this study, TEMPO-oxidized cellulose membrane
with inherent hydrophilicity and negative surface charge was used as the substrate, while
PSS that promotes hydrophobicity was used as the polyanion. This likely resulted in intricate
charge-repulsion and hydrophilic-hydrophobic interactions between the substrate and the
polyanion, possibly leading to polymer aggregation and clustering. Again, it’s important to
note that the exact reason behind this phenomenon remains unknown at this point and

requires further investigation.

Intuitively, LbL assembled multilayer film is expected to create hinderance and impede PEG
permeation. As expected, both types of multilayer membranes, with different PE
terminations, show improved PEG rejection compared to the TEMPO-oxidized cellulose
membrane substrate, as illustrated Figure 21. However, this increase in PEG rejection is
relatively modest. For instance, 9 bilayer (PSS-terminated) multilayer membrane showed
50% rejection of 1 kDa PEG compared to 43% for its membrane substrate. Additionally, the
molecular weight cut-off values for both the multilayer membranes (PSS- and PDADMAC-
terminated) remained similar to their membrane substrate, at around 2.8 kDa. It is possible
that the polymer clusters, as seen in the SEM micrographs (Figure 20), may complicate the
permeation behavior of PEGs through the multilayer membranes. In a recent study,
Nieminen et al. (2024) suggested that the roughness created by multilayer coatings alters the
flow dynamics across the membrane surface, enabling selective permeation of PEGs based

on shape rather than size (Nieminen et al., 2024)



51

100 T LRl ™

Rejection [%]

PR - -B- - TEMPO-oxidired RC10PE
' -~ 8.5BL PEM (PDADMAC-cnded)
i.;‘»’ - -®- - 9BL PEM (PSS-ended)

01 1 10
PEG molar mass [kDa]

Figure 21: PEG rejection of PSS/PDADMAC multilayer membranes with different PE terminations.
PEG molar mass in logarithmic scale. Filtration in a crossflow system at around 40 L/m?h flux, 2 m/s
crossflow velocity and 25°C

According to the literature, the outermost layer of the multilayer film (terminating layer),
primarily dictates the surface charge of the multilayer membrane (Dubas & Schlenoff, 1999).
As shown in Figure 22, the 9 bilayer (PSS-terminated) multilayer membrane exhibited
negative surface charge of -68 mV at pH 7, consistent with the expected odd-even effect of
the terminating layer on multilayer surface charge. Interestingly, the 8.5 bilayer
(PDADMAC-terminated) multilayer membrane also showed negative surface charge (-45
mV at pH 7). This finding suggests that factors beyond the inherent charge of the terminating
layer, such as ionic strength, number of bilayers, and physicochemical properties of the
substrate and the polyelectrolytes, likely influence the overall surface charge of the

multilayer membrane.
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Figure 22: Zeta potential of PSS/PDADMAC multilayer membranes with different PE terminations
as a function of pH. A solid vertical line indicates pH 7, and two dotted vertical lines denote the pH
of salt solutions: 6.7 for Na,SO4 and 7.2 for MgCl,

One possible reason for the observed negative surface charge in 8.5BL PDADMAC-
terminated multilayer could be the influence of ionic strength during multilayer assembly.
For any polyelectrolyte adsorption, charge overcompensation is crucial and requires
sufficient ionic strength and the charge density of the respective polyelectrolyte (Scheepers
et al., 2021). Generally, increase in ionic strength (background salt concentration in
polyelectrolyte solutions) enhances extrinsic charge compensation by the counterions. This
allows more polyelectrolytes to adsorb onto the substrate surface, leading to
overcompensation of the surface charge and consequent surface charge reversal. Simply put,
adsorption of polyelectrolytes onto the substrate is significantly influenced by the
background salt concentration in the coating solution (de Grooth et al., 2015; Steitz et al., 2001).
Studies suggest that surface charge of the multilayer approaches neutrality and may become
positive with increase in ionic strength and number of deposited PE bilayers, even when
terminating with anionic polyelectrolyte. Specifically, for PSS/PDADMAC, multilayer
assembly under high ionic strength (usually exceeding 0.5M NaCl) and typically more than
9 bilayers have been reported to result in positively overcompensated multilayer membrane,
even with PSS termination (Adusumilli & Bruening, 2009; Ghostine et al., 2013b; Kelly et al.,
2018).
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Interestingly, the opposite effect of ionic strength was observed in this study. For instance,
assembly attempts with 0.2M NaCl as background salt did not form any polyelectrolyte
multilayer. In contrast, multilayer assembly at lower ionic strength (0.1M NaCl) was
successful and the resulting multilayer membrane exhibited peculiar surface characteristics,
such as this negative surface charge despite PDADMAC termination. Some studies indicate
that characteristics of the underlying substrate, particularly its charge density has a notable
influence over the surface properties of the multilayer film (Guzman et al., 2011; Salehi et al.,
2015). This study used TEMPO-oxidized cellulose membrane with rather high negative
surface charge (-80mV at pH 7) as the substrate. Therefore, it is plausible that intricate
interplay among ionic strength, polyelectrolyte charge density and the substrate properties
could have resulted in the observed divergent negative surface charge of the PDADMAC-

terminated multilayer membrane.

Figure 23 shows that water permeance of both PSS- and PDADMA C-terminated multilayer
membranes significantly decreased to approximately 33 L/m?hbar compared to their
substrate, TEMPO-oxidized cellulose membrane, which had water permeance of about 74
L/m?hbar. This finding is consistent with the existing literature, indicating a decline in water

permeance of the membrane substrate with the deposition of polyelectrolyte layers.
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Figure 23: Water permeance of PSS/PDADMAC multilayer membranes with different PE
terminations. Filtration tests performed in a crossflow system at 25 °C.

It is noteworthy that PSS and PDADMAC exhibit different swelling properties. It has been
reported that water uptake of PDADMAC is about four times higher than PSS (Miller &
Bruening, 2005). De Grooth et al (2015) indicated that depending on the terminating
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polyelectrolyte layer, PSS/PDADMAC multilayer film exhibits a ‘zig-zag’ pattern with
respect to water permeance, similar to odd-even surface charge effect (de Grooth et al., 2015).
In this study, this zig-zag pattern in water permeance of multilayer membranes based on the

terminating polyelectrolyte layer is not observed.

While both PSS- and PDADMAC-terminated multilayer showed significant decrease in
water permeance, their rejection towards salt ions did not increase proportionately. Instead,
both types of multilayer membranes exhibited rather similar salt ion rejections compared to
their membrane substrate (TEMPO-oxidized cellulose membrane). As presented in Figure
24, there was minimal increase in rejection rates for both MgClz (1-1.5%) and Na>SO4 (20-
24%).
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Figure 24: Rejection of MgCl, and Na,SO4 of PSS/PDADMAC multilayer membranes with different
PE terminations. Zeta potentials at the pH of respective salt solution on the right axis. Filtration in a
crossflow system with individual 500 ppm salt solutions at around 40 L/m?h flux, 2 m/s crossflow
velocity and 25°C
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4.3 Salt annealed PEM membrane

SEM micrographs presented in Figure 25 show the changes in surface morphology of 9
bilayer PSS-terminated multilayer membranes subjected to cyclic salt annealing. These
micrographs reveal that with each salt annealing cycle, the multilayer membrane surface
becomes progressively flatter and more uniform compared to the non-annealed counterpart.
Furthermore, by the fourth annealing cycle, smoother and more compact surface structure is
observed, along with disappearance of polymer clusters. These findings align with prior
studies that utilized salt annealing as a post-assembly strategy to reduce multilayer surface
roughness (Dubas & Schlenoff, 2001b; Ghostine et al., 2013a; Jomaa & Schlenoff, 2005; McAloney
etal., 2003).

Figure 25: SEM images of 9 bilayer (PSS-terminated) multilayer membrane subjected to cyclic salt
annealing. Image numbers correspond to the number of salt annealing cycles (e.g., ‘1’ denotes one
annealing cycle).

Although salt annealing is a promising strategy to improve multilayer surface uniformity
and smoothness, it can also have degradative effects. As provided in Appendix 2-5, exposing
9 bilayer (PSS-terminated) multilayer membrane to higher salt concentrations (exceeding
3M NaCl) for 30 minutes likely resulted in dissolution and removal of the multilayer film

from the underlying membrane substrate. This conclusion is supported by the SEM
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micrographs (see Appendix 2 ), wherein the surface appearance of 3M NaCl annealed
multilayer membrane resembles that of the TEMPO-oxidized membrane substrate.
Additionally, performance metrics of 3M NaCl annealed multilayer membrane, including
water permeance, salt ion rejection, and PEG rejection, show close similarities with the
underlying membrane substrate (refer to Appendix 3-5). This finding highlights the
importance of maintaining an optimal salt concentration to avoid potential stripping away of

the polyelectrolyte multilayer film during salt annealing process.s

As evidenced by SEM micrographs (Figure 25), post-assembly salt annealing leads to
significant morphological changes of 9 bilayer (PSS-terminated) multilayer membrane,
making it more compact, uniform, and smoother. These alterations directly influence the
separation properties of the multilayer membrane. As depicted in Figure 26, PEG rejection
of 9 bilayer (PSS-terminated) multilayer membrane improved with each salt annealing cycle.
For instance, non-annealed 9 bilayer (PSS-terminated) multilayer membrane initially
rejected 50% of 1 kDa PEG, which increased to 69% after the first annealing cycle, and
further improved to 87% after the fourth cycle.
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Figure 26: PEG rejection of 9 bilayer (PSS-terminated) multilayer membrane following cyclic salt
annealing. PEG molar mass in logarithmic scale. Filtration in a crossflow system at around 40 L/m*h
flux, 2 m/s crossflow velocity and 25°C
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Zeta potentials presented in Figure 27 show a progressive increase in negative surface charge
of 9 bilayer PSS-terminated multilayer membrane with each salt annealing cycle. By the
fourth annealing cycle, surface charge of the multilayer membrane increased from -68 mV
to -80 mV at pH 7. These findings are consistent with prior studies indicating that cyclic salt
annealing effectively improves negative surface charge of PSS/PDADMAC multilayer
membranes with PSS termination (Fares et al., 2015; Reurink et al., 2018). However, the
mentioned studies primarily focused on thicker PSS/PDADMAC multilayer membranes,
usually comprising more than 12 bilayers which were assembled under relatively high
background salt concentration (1M NaCl). Furthermore, those assembled multilayers were
overcompensated with PDADMAC. The authors proposed that exposing the multilayer to a
high salt concentration solution (2M NaCl) increased polymer chain mobility, leading to
dispersion of excess PDADMAC throughout the multilayer film. This dispersed
PDADMAC was then supposedly consumed by incoming PSS, thereby reducing extrinsic

positive overcompensation, and enhancing the negative surface charge of the multilayer.
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Figure 27: Zeta potential of 9 bilayer (PSS-terminated) multilayer membrane following successive
salt annealing cycles. A solid vertical line indicates pH 7, and two dotted vertical lines denote the pH
of salt solutions: 6.7 for Na;SO4 and 7.2 for MgCl,

In contrast, this study differs in several key aspects, particularly the underlying substrate and
ionic strength used during multilayer assembly. TEMPO-oxidized cellulose membrane with

rather high negative surface charge (-80mV at pH 7) was used as the substrate, and relatively
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low background salt concentration (0.1M NaCl) was used in the polyelectrolyte solutions.
Importantly, 9 bilayer (PSS-terminated) multilayer membrane maintained negative surface
charge and was not positively overcompensated. Thus, while this study also shows that
cyclic salt annealing improved negative surface charge of the multilayer membrane, possibly
a different salt annealing mechanism may be at play. It is plausible that salt ions infiltrate
and disrupt polymer chain contacts within the observed polymer clusters (see Figure 20) and
increase polymer chain mobility, allowing them to reorganize into new configurations. This
likely resulted in more intrinsic interactions among polymer charge groups and less with
extrinsic counterions. Furthermore, subsequent deposition of extra PSS monolayer after salt
exposure likely resulted in excess of PSS, consequently enhancing negative surface charge

of the annealed multilayer membranes.

As presented in Figure 28, cyclic salt annealing of 9 bilayer (PSS-terminated) multilayer
membrane shows decline in water permeance. After two salt annealing cycles, water
permeance of the multilayer membrane decreased from 33 to 20 L/m?hbar. Further annealing
cycles showed minimal changes. This decline in water permeance is largely attributed to
salt-induced morphological changes in the multilayer membrane surface. SEM micrographs
(see Figure 25) reveal that salt annealing leads to more compact, dense, and smoother
multilayer structure. This morphological change is further supported by the decline in
molecular weight cut-off values, which decreased from 2.8 kDa for the non-annealed

multilayer membrane to 1.7 kDa after four annealing cycles.
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Figure 28: Reduction in water permeance of 9 bilayer (PSS-terminated) multilayer membranes with
cyclic salt annealing. MWCO values shown on the right axis. Filtration in a crossflow system at 25
°C
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However, it is important to acknowledge a contrasting finding observed in a study by
Reurink et al. (2018), which reported an increase in water permeance of the multilayer
membranes after salt annealing (Reurink et al., 2018). This difference could stem from several
factors, but more importantly the use of different substrates for polyelectrolytes deposition.
In this study, TEMPO-oxidized cellulose ultrafiltration membrane was used as the substrate,
whereas the aforementioned study utilized a sulfonated membrane with rather high

permeance (200 L/m?hbar).

Figure 29 shows increasing rejection rates for both MgCl, and Na,SO4 with cyclic salt
annealing of 9 bilayer (PSS-terminated) multilayer membrane. After two salt annealing
cycles, chloride rejection increased from 1.25 to 4%, followed by slight increases in
subsequent annealing cycles. However, even after four annealing cycles, chloride rejection
remained relatively low, at around 5%. On the other hand, sulfate rejection significantly
improved with successive salt annealing cycles. Compared to the non-annealed multilayer
membrane, sulfate rejection increased from 24% to 60% after the first annealing cycle and

reached 80% after the second cycle and remained at this level thereafter.
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Figure 29: Rejection of MgCl; (top) and Na,SO4 (bottom) of 9 bilayer (PSS-terminated) multilayer
membranes with cyclic salt annealing. Zeta potentials at the pH of respective salt solution on the
right axis. Filtration in a crossflow system with individual 500 ppm salt solutions at around 40 L/m*h
flux, 2 m/s crossflow velocity and 25°C

The enhanced rejection of salt ions by annealed multilayer membranes can be attributed to
increase in negative surface charge post-annealing (see Figure 27). As previously discussed,
the difference in rejection rates between MgCl, and Na;SO4 can be ascribed to differences
in the charge density and hydrated size of their respective anions. Divalent sulfate ions, with
larger hydrated size and higher charge density compared to monovalent chloride ions, are

more effectively rejected by negatively charged annealed multilayer membranes.
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5 Conclusions

The main objective of this study was to examine the changes in surface properties and
separation performance of cellulose ultrafiltration membranes (RC10PE) with a sequential
surface modification approach: TEMPO-mediated oxidation, layer by layer polyelectrolytes

assembly, and subsequent salt annealing.

The study first examined the effects of TEMPO-mediated oxidation on cellulose
ultrafiltration membranes. SEM micrographs revealed smoother and more uniform
membrane surface post-oxidation. Additionally, water permeance of the oxidized membrane
increased from approximately 63 to 74 L/m*hbar. Although the molecular weight cut-off
values remained approximately at 2.8 kDa, there were marginal increases in rejection of
smaller PEGs by the oxidized membrane. Sulfate rejection improved from 3% to 20%, while
chloride rejection remained low at around 1%. Furthermore, TEMPO-oxidation resulted in
a notable increase in negative surface charge of the cellulose membrane, from around -35
mV to -80 mV at pH 7. This increase in negative surface charge is largely attributed to
introduction of anionic carboxylic groups onto cellulose membrane surface during TEMPO-
oxidation. Overall, TEMPO-mediated oxidation appears to enhance the separation and
functional properties of cellulose membranes. This modification strategy is promising for
energy-efficient applications requiring high flux and moderate rejection of multivalent
anions. However, careful control of oxidation conditions, such as oxidant dosage and

exposure, is crucial to avoid potential cellulose degradation.

TEMPO-oxidized cellulose membranes were used as the substrates for layer-by-layer
assembly with PSS and PDADMAC. Two types of multilayer membranes were assembled:
one with 9 bilayers terminated with PSS and the other with 8.5 bilayers terminated with
PDADMAC. Both types of multilayer membranes showed coarse and irregular surfaces with
highly mixed polymer clusters. As expected, the PSS-terminated multilayer membrane
exhibited negative surface charge of -68 mV at pH 7. Interestingly, the PDADMAC-
terminated multilayer membrane also showed negative surface charge (-45 mV at pH 7),
suggesting factors beyond the inherent charge of the terminating layer, such as ionic strength,
number of bilayers, and physicochemical properties of the substrate and the polyelectrolytes,

likely influence the overall surface properties of the multilayer membranes.
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Water permeance significantly decreased from 74 to approximately 33 L/m?hbar for both
PSS- and PDADMAC-terminated multilayer membranes. The salt rejection rates of these
multilayer membranes were rather similar to those of their TEMPO-oxidized membrane
substrate, with minimal increase in rejection rates for both MgCla (1-1.5%) and NaxSO4 (20-
24%). These multilayer membranes showed improved PEG rejection compared to their
membrane substrate, although the molecular weight cut-off values remained similar at

around 2.8 kDa.

Salt annealing with 2M NaCl was used to further improve the properties and performance
of 9 bilayer PSS-terminated multilayer membrane. SEM micrographs showed that cyclic salt
annealing significantly improved the multilayer surface morphology, resulting in more
compact, uniform and smoother multilayer surface appearance. However, exposure to higher
salt concentrations (>3M NaCl) likely resulted in dissolution and removal of the multilayer
film from the underlying membrane substrate. This was evident from the surface
resemblance of 3M NaCl annealed 9 bilayer (PSS-terminated) multilayer membrane to its
underlying TEMPO-oxidized membrane substrate, and its similarities in separation metrics
to those of the substrate. This finding indicates that while salt annealing can improve
multilayer surface uniformity and smoothness, excessive salt concentration can degrade the
multilayer film. Therefore, maintaining an optimal salt concentration is crucial to avoid

potential stripping away of the multilayer film during salt annealing.

Salt annealing showed improved separation performance of 9 bilayer (PSS-terminated)
multilayer membrane. Rejection rates for both MgClz and Na;SOys increased with each salt
annealing cycle. After just two annealing cycles, sulfate rejection significantly increased
from 24 to 80%. However, chloride rejection remained relatively low at around 5%, even
after four annealing cycles. While the salt rejection rates of the multilayer membrane
improved with salt annealing, water permeance decreased from approximately 33 to 20

L/mzhbar.

Zeta potentials revealed a progressive increase in negative surface charge of the multilayer
membrane with each annealing cycle, improving from -68 mV to -80 mV at pH 7 by the
fourth cycle. This finding is rather intriguing because previous studies have mainly shown
that post-assembly salt annealing effectively improves negative surface of positively
overcompensated PSS/PDADMAC multilayers, which are typically thicker (more than 12
bilayers) and assembled under high background salt concentration (usually 1M NaCl). In
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contrast, this study used a 9 bilayer (PSS-terminated) multilayer membrane assembled in
0.1IM NaCl, which already had negative surface charge and was not positively
overcompensated. Therefore, further increase in negative surface charge of the multilayer

membrane suggests a different salt annealing mechanism may be at play here.

All in all, salt annealing is a promising post-assembly strategy to enhance the properties and
performance of PSS/PDADMAC multilayer membranes. It should be noted that salt
annealing is not just limited to PSS/PDADMAC multilayers. Instead, it is expected to have
broader applicability in other multilayer systems as well. However, it's crucial to recognize
that efficacy of salt annealing is influenced by several factors, including salt type,
concentration, and exposure duration. Furthermore, these factors are mainly determined by
the specific polyelectrolyte pair and ionic strength utilized during multilayer assembly. Thus,
careful consideration of these factors is essential to optimize the salt annealing process for

different multilayer systems.

In summary, the sequential approach to enhance the properties and performance of cellulose
ultrafiltration (RC10PE) using TEMPO-mediated oxidation, LbL multilayer assembly, and
subsequent salt annealing shows promising results. At this point, there are several unresolved
questions, such as the reasons behind polymer clustering observed after LbL multilayer
assembly and negative surface charge in PDADMAC-terminated multilayer membrane.
Similarly, the true salt annealing mechanism in this study remains an open question,

requiring further research.
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Appendices

Appendix 1: Calibration curve for conversion of flowmeter (%) into crossflow velocity (m/s) of
filtration system used in this study.
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Appendix 2:SEM images of 9 bilayer (PSS-terminated) multilayer membrane after 30 minutes
exposure in 3M and 4M NaCl solution
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Appendix 3: PEG rejection of 9 bilayer (PSS-terminated) multilayer after 30 minutes exposure in
3M and 4M NacCl solution. PEG molar mass in logarithmic scale. Filtration in a crossflow system at
around 40 L/m?h flux, 2 m/s crossflow velocity and 25°C
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Appendix 4: Water permeance of 9 bilayer (PSS-terminated) multilayer
membranes after 30 minutes exposure in 3M and 4M NaCl solution
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Appendix 5: Rejection of MgCl, and Na SO, of 9 bilayer (PSS-terminated) multilayer membranes
after 30 minutes exposure in 3M and 4M NaCl solution. Filtration in a crossflow system with
individual 500 ppm salt solution at around 40 L/m?h flux, 2 m/s crossflow velocity and 25°C
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Appendix 6: Pure water fluxes following each membrane treatment step.

Flux [L/(m?h)] Average flux |
AN [bar] Sample 1 Sample 2 [L/(m’h)]
Cellulose ultrafiltration 0.5 34.6 33.5 340
membranes [RC10PE] }2 gg? ggg gg;
2.0 1304 128.1 129.2
| 0.5 34.6 36.9 35.8
TEMPO-oxidized cellulose 1.0 71.5 76.2 73.8
membranes 1.5 107.3 1154 1113
2.0 1442 150.0 147.1
| 0.5 173 185 179
OBLPEM (PSSacmivacgy | 10 M6 S 32
2.0 66.9 68.1 67.5




! 0.5 185 19.6 19.0
8.5BL PEM (PDADMAC- 1.0 358 358 358
terminated) 1.5 542 50.8 525

2.0 68.1 65.8 66.9
| 0.5 13.8 12.7 13.3
1 cycle annealed - 9BL PEM 1.0 312 30.0 30.6
(PSS-terminated) 1.5 462 438 450

2.0 62.3 60.0 612
| 0.5 115 104 11.0
2 cycles annealed - 9BL. PEM 1.0 21.9 19.6 20.8
(PSS-terminated) 1.5 323 30.0 312

2.0 41.5 39.2 40.4
| 0.5 15.0 104 12.7
3 cycles annealed - 9BL PEM 1.0 265 19.6 23.1
(PSS-terminated) 1.5 392 30.0 34.6

2.0 49.6 39.2 444
| 0.5 92 104 9.8
4 cycles annealed - 9BL PEM 1.0 20.8 219 213
(PSS-terminated) 1.5 312 312 312

2.0 415 415 415

Appendix 7: Salt rejection data following each membrane treatment step. Filtration in a crossflow
system with individual 500 ppm salt solution at around 40 L/m?h flux, 2 m/s crossflow velocity and
25°C

Conductivity [uS/cm]
MgCh NaxSO4
Feed |Permeate 1| Permeate 2 | Feed |Permeate 1|Permeate 2

Cellulose ultrafiltration membrane 1210 1205 1200 774 747 754
(RCI10PE)

Tempo-oxidized cellulose membrane 1210 1198 1201 774 623 620
8.5BL PEM (PDADMAC-terminated) 1211 1194 1196 760 594 585
9BL PEM (PSS-terminated) 1204 1192 1186 783 606 594
1 cycle annealed 1201 1156 1163 786 323 321
2 cycles annealed 1201 1152 1155 786 160 162
3 cycles annealed 1190 1143 1133 824 170 166
4 cycles annealed 1190 1128 1136 824 168 162




Appendix 8: Chromatographic data of PEG rejection after each membrane treatment step

Chromatograph peak areas

PEG Feed Sample_1 Sample_2
[kDa]
35 8256.70 117.40 0.00
Cellulose ultrafiltration 12 11336.60 71.50 0.00
Membrane (RC10PE)
8 12474.60 223.30 0.00
3 13298.50 733.40 450.90
1 11682.10 7075.60 6869.80
0.3 11188.40 10983.70 10320.00
TEMPO-oxidized 35 7974.50 0.00 0.00
cellulose membrane 12 11022.90 0.00 0.00
8 11614.30 0.00 0.00
3 12414.40 633.80 470.90
1 10626.10 6328.50 5729.30
0.3 11342.30 10492.80 9270.80
9BL PEM (PSS- 35 7957.7 0 0
terminated) 12 11992.6 0 0
8 124442 145.6 0
3 13058 504.4 422
1 11348.2 5635.5 5649.1
0.3 12538.3 10207.1 10894.8
8.5BL PEM 35 7334.8 0 0
(PDADMAC- 12 10203.6 0 0
terminated)
8 11258.3 210.3 213.9
3 10953.7 403.1 384.8
1 10499.1 4955.5 5650.4
0.3 12763.3 10787.8 10760.4
1 cycle annealed - 9BL 12 11992.6 0 0
3 13058 504.4 422
1 11348.2 5635.5 5649.1
0.3 12538.3 10207.1 10894.8
0.3 12183.00 8079.20 7651.10
2 cycles annealed - 35 7366.60 326.00 291.40
9BL PEM (PSS- 12 10189.90 755.30 725.20
terminated)
8 10802.60 775.00 672.10
3 11392.80 977.80 1067.90
1 9603.10 2053.70 2483.90
0.3 10362.80 5217.30 5120.20
35 7259.20 48.60 157.00




3 cycles annealed - 12 10139.10 378.80 535.80
?fniiiiﬁ)(l’ss- 8 10647.60 537.90 579.40
3 11253.30 1065.20 79430

1 9644.80 2121.40 1800.90

0.3 10269.00 472470 4720.00
4 cycles annealed - 35 7538.10 114.8 153.7
9BL PEM (PSS- 12 11254.20 232.8 118.9
terminated) 8 11592.20 430.1 208.5
3 12130.30 608.3 426.3

1 10259.30 1395.5 1304.5

0.3 10877.20 4625.3 44545

Appendix 9: Zeta potential measurements following each membrane treatment step.

pH {mV] Stdev [mV] pH {[mV] |Stdev [mV]
7.96 -36.37 0.58 8.11 -70.60 1.53
743 -36.00 0.40 7.52 -70.55 1.66
6.91 -35.39 0.36 7.07 -70.38 1.17
6.44 -34.76 0.35 6.58 -69.74 0.89
6.00 -33.78 0.30 5.81 -68.17 0.71
Cellulose 571 -32.58 0.31 534 -65.26 0.74
uluatgtraﬁon 525 -30.35 030 |1 cycleannealed - 497 -61.63 0.57
I&egi Jﬁﬁ? 491 | 2807 028 ?elfnﬁhlz aEtlg’([i)(PSS 467 | 5742 0.44
449 2443 0.27 425 51.14 0.49
4.08 220.49 0.07 3.97 4545 0.39
3.74 -16.39 0.64 3.68 -38.89 0.56
342 -12.01 1.30 3.38 31.29 1.1
3.12 1791 2.51 3.10 23.37 1.94
2.90 521 322 2.88 -16.99 2.05
8.01 -80.27 0.28 7.99 -71.30 0.29
748 -80.32 0.64 7.36 7123 0.6
7.03 -79.83 0.23 6.78 -70.78 0.66
6.53 -79.25 0.23 6.00 -69.71 0.97
5.87 77.67 0.09 540 67.37 1.05
TEMPO-oxidized | 331 -74.09 026 |, cycles annealed - 5.02 -64.04 1.08
cellulose 497 -70.00 0.15 9BL PEMs (PSS- 47 -60.50 1.25
membrane 4.66 -65.77 024  |terminated) 424 -53.93 0.73
425 -58.79 0.22 3.88 46.63 0.71
3.88 -50.65 0.56 3.55 -38.46 0.37
3.59 4331 0.57 3.23 2944 0.72
3.29 -34.93 1.44 2.96 220.76 1.36




3.00 25.69 0.00
8.05 -69.30 0.24 7.91 7395 1.77
7.46 68.62 043 733 7287 2.04
7.05 6822 042 6.75 7230 1.86
6.44 6743 0.69 6.04 -71.66 2.15

9BL PEM (PSS- 5.70 -65.43 0.69 5.49 -70.34 2.14

terminated) 528 | -6321 | 028 ‘9‘]§i°§§§4ngfglgfi' 510 | 6825 | 222
495 -60.40 0.12|terminated) 4776 6497 1.92
4.65 5725 0.75 423 -57.36 191
425 -51.09 1.52 3.87 -50.84 1.98
3.97 4570 1.78 3.54 477 1.7
3.68 37.68 2.59 324 3398 111
341 29.04 3.12 2.96 26.16 0.65
3.13 17.15 323
2.90 4.04 3.61

8.5BL PEM 8.01 4799 0.24 7.96 81.99 0.97

(PDADMAC- 738 4575 0.58 739 81.07 1.61

terminzted) 681 | 4406 045 677 | -79.10 1.56
6.00 41.15 032 5.96 7473 123
539 3624 0.09 537 70,52 118
5.02 3173 008 |, cvcles annealed- | > 6651 1.68
471 2765 0.1  |9BLPEM(PSS- | 469 6228 1.73
425 220.54 0.05 |terminated) 424 -54.02 1.85
3.98 1603 0.14 3.88 46.18 0.18
3.64 -10.12 048 355 -37.09 0.56
334 512 1.03 325 2851 0.77
3.04 0.13 1.74 297 19.63 241
2.85 222 1.68




