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Abstract

In nanofiltration (NF) and reverse osmosis (RO) processes, membranes are
prone to biofouling and need to be cleaned periodically using oxidizing biocides,
including the most widely used chlorine in different forms. The polyamide-based
(PA) separation layer of thin film composite (TFC) membranes can be modified or
degraded during contact with those agents. Understanding the effects of chlorine
exposure on PA membranes is essential to improving the life span of membranes
from both manufacturing and operation perspectives. This research presents a
systematic investigation of the effects of chlorine exposure on the physiochemical

properties and performance of PA membranes.

To study the degradation of PA NF and RO membranes by sodium
hypochlorite, six coated and uncoated fully aromatic (FA) and piperazine (PIP)
semi-aromatic PA membranes were treated with hypochlorite solution and
analyzed by X-ray photoelectron spectroscopy (XPS) and attenuated total
reflection-Fourier transform infrared (ATR-FTIR) spectroscopy. XPS results
showed that in chlorine treated FA PA membranes the ratio of bound chlorine to
surface nitrogen was 1:1 whereas it was only 1:6 in the case of PIP PA membranes.
The surface oxygen of uncoated FA and PIP membranes increased with increasing
hypochlorite concentration whereas it decreased for coated FA membranes. High
resolution XPS data supported that chlorination increased the number of carboxylic
groups on the PA surface, which appeared to form by hydrolysis of the amide
bonds (C(O)-N). FTIR data indicated the disappearance of the amide 11 band (1541
cm™) and aromatic amide peak (1609 cm™) in both coated and uncoated
chlorinated FA membranes, consistent with the N-chlorination suggested by the
XPS results. Furthermore, the surface charge of the chlorinated membranes at low
pH (< 6) became negative, consistent with amide-nitrogen chlorination.
Chlorination appeared to either increase or decrease membrane hydrophobicity
depending on the chlorination exposure conditions, which implied that N-

chlorination and hydrolysis may be competing processes. The effects of property
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changes on the performance were also observed for the NF90, BW30 and NF270

membranes.

Detailed appraisal of NF and RO membrane performance due to chlorine
treatment was carried out by exposing three PA-TFC membranes (NF90, BW30
and NF270) to different concentrations of sodium hypochlorite (NaOCI) at pH 5
for 24 h. The elemental composition obtained from XPS showed that the chlorine
content in the PA layer increased with the chlorine concentration. Treatment of
membranes with 10 ppm CI increased the membrane hydrophilicity. In contrast,
when treated with 1000 ppm CI or more, the membranes became less hydrophilic.
Water permeability values for all three membrane types declined with increased
chlorine concentrations. Filtration of polyethylene glycols (PEGs) with molecular
weights of 200, 400 and 600 Daltons (Da) was performed to investigate the
influence of chlorine treatment on the membrane molecular weight cut-off
(MWCO) and rejection by size exclusion. Treatment with 10 and 100 ppm CI
lowered the MWCO while treatment with higher concentrations increased the
MWCO. All chlorinated membranes experienced higher NaCl rejection compared
to the virgin ones. The performance of NF90 was tested with respect to the
rejection of inorganic contaminants including boric acid (H3BO3) and arsenic
(H2AsOy). The boron rejection results paralleled the PEG rejection, whereas those
for arsenic followed the NaCl rejection patterns. The changes in membrane
performance due to chlorine treatment were explained in terms of competing
mechanisms: membrane tightening, bond cleavage by N-chlorination and

chlorination promoted polyamide hydrolysis.

The effects of chlorine exposure conditions on the physiochemical
properties and performance of a polyamide membrane were studied by treating an
NF90 membrane with sodium hypochlorite at different concentrations, pH and
duration. The changes in membrane elemental composition and bonding chemistry
obtained from XPS and ATR-FTIR revealed the impacts of two competing
mechanisms: N-chlorination and chlorination promoted hydrolysis. More chlorine
was incorporated into the PA matrix at pH < 7, at which HOCI is dominant; while
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chlorine promoted hydrolysis was more favorable at pH > 7 with an abundance of
hydroxyl groups. The membrane surface became more hydrophobic when
chlorination was dominant, which in turn caused the water permeability of the
chlorinated membrane to decrease. Meanwhile, the membrane became more
hydrophilic and less cross-linked when hydrolysis effects were governing, which
made the membrane more permeable for water. Rejection of charged solutes
(NaCl, As(V)) improved under most chlorinating conditions due to increased
charge density. However, when hydrolysis was severe (= 1000 ppm, pH 7 and 9),
the enhanced charge repulsion effect could not compensate for the extensive amide
bond cleavage, resulting in decreased rejection. The lower rejection of neutral

boric acid provided strong evidence of a less cross-linked separation layer.
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Chapter 1

Introduction

1.1 Problem statement

The 21% century has been named the “century of water shortage” to raise
the public awareness about this manifesting global crisis (Mehdizadeh, 2006).
Since 1900, rapid population growth, together with intensified agriculture and
industry has sent water demand soaring six-fold (FAO, 2009). Meanwhile,
sustainable fresh water supplies are constantly and significantly depleted due to
pollution and changing climatic patterns. Lower quality water sources (wastewater,
brackish and sea waters) are now in the research spotlight as attractive options
(Wintgens et al., 2005; Gray et al., 2011). However, these alternatives put stress on
process technologies to treat their associated contaminants of new and wider
variation and higher concentration to meet the increasingly stringent health
regulations (e.g., lower maximum contaminant levels and more regulated
chemicals) (Zhou and Smith, 2001). Nanofiltration (NF) and reverse osmosis (RO)
processes that mainly employ polyamide-based (PA) thin film composite (TFC)
membranes have become the leading technology to address the above challenges,
offering several significant advantages such as cost effective and high quality
water product, smaller footprint, easier up-scaling, operation and maintenance (Lee
etal., 2010; Fane et al., 2011; Gray et al., 2011).

A major issue in membrane processes is fouling by colloids, inorganic and
organic substances and microorganisms (Antony et al., 2011) which requires
chemical cleaning (Watanabe and Kimura, 2011). However, exposure of PA
membranes to cleaning agents, among which chlorine in different forms and its
derivatives are most common, will gradually degrade performance and shorten

their life span (Glater et al., 1994). It has been reported that exposure to chlorine
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can cause the flux to decline (Glater et al., 1981; Koo et al., 1986; Soice et al.,
2003; Kwon and Leckie, 2006b; Kwon et al., 2006; Kang et al., 2007; Simon et al.,
2009; Ettori et al., 2011) and either increase (Kwon and Leckie, 2006b; Kwon et
al., 2006; Simon et al., 2009) or decrease (Glater et al., 1981; Koo et al., 1986;
Soice et al., 2003; Kwon and Leckie, 2006b; Kwon et al., 2006; Kang et al., 2007;
Simon et al., 2009; Ettori et al., 2011) the salt rejection. Nonetheless, certain
chlorine exposure conditions can improve flux and salt rejection of PA
membranes, and are employed as a post-treatment in membrane manufacturing
(Glater et al., 1981; Jons et al., 1999; Kwon and Leckie, 2006b; Kwon et al., 2006;
Kang et al., 2007; Zhai et al., 2011). Factors that influence the chlorination impacts
on membranes were identified to be exposure chlorine concentration, pH and
duration and chemistries of the PA layer (Lowell et al., 1987; Glater et al., 1994;
Soice et al., 2003; Ettori et al., 2011).

A great deal of effort has been put into understanding the chlorine attack
pathways on PA membranes, for which several mechanisms were proposed. N-
chlorination occurs when active chlorine binds with the lone electron pair of the
amide N atom to become N-chloroamide (Challis and Challis, 1970; Glater et al.,
1994; Jensen et al., 1999; Kwon et al., 2008). Ring chlorination mechanism
suggests that chlorine can attach to the amide aromatic ring via direct electrophilic
substitution (Shafer, 1970; Glater and Zachariah, 1985) or via intra-molecular
rearrangement from N-chloroamide (Orton and Jones, 1909; Orton et al., 1928;
Kawaguchi and Tamura, 1984a). Based on these mechanisms, a number of
physical and chemical processes were proposed to explain the opposing
observations of chlorine exposure impacts on membrane performance, which are
hydrophobicity changes (Koo et al., 1986), more rigid polymer conformation
(Avlonitis et al., 1992; Soice et al., 2004; Kwon and Leckie, 2006a; b), polyamide
chain cleavage (Glater et al., 1981; Glater et al., 1983; Koo et al., 1986), or
physical separation of the PA rejection layer from its polysulfone support (Soice et
al., 2004). However, these propositions still could not explain the opposing

observations consistently. More investigations and possibly additional mechanisms
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are required to obtain insight into the various membrane degradation processes by

chlorination.

While the data about the influence of membrane chlorination on flux and
NaCl rejection are well-documented, studies of the effects of membrane
chlorination on the passage of other solutes through NF and RO membranes are
limited. Investigation on rejection of trace organic compounds by chlorinated NF
and RO membranes suggested that changes in rejection are the results of complex
interactions between modified membrane properties and the nature of the solutes
under filtration conditions (Urase and Sato, 2007; Simon et al., 2009). Studies on
inorganic boron rejection of chlorinated membranes by Taniguchi et al. (2001) and
Zhai et al. (2011) focused on the correlation between the rejection of NaCl and
boron and the effects of feed pH and hypochlorite concentrations on rejection
rather than on explaining the rejection mechanism. The passage of trace organic
and inorganic compounds, such as pharmaceutically active compounds or boron
and arsenic through membranes affected by chlorine is an important issue and
requires more research because these contaminants are of great concern in
desalination and wastewater reclamation (Gray et al., 2011; Leverenz and Asano,
2011).

1.2 Objectives

The overall focus of this research was to systematically investigate the
mechanisms that are involved in changes in physiochemical properties and
performance of membranes due to chlorine exposure. NF and RO membranes of
different PA chemistries were exposed to sodium hypochlorite at different
concentrations, pH and durations. Changes in chemical bonding and composition,
surface charge and functional groups and wettability of the PA layers were
evaluated. The performance of chlorine exposed membranes was appraised in
terms of water permeability, rejection of charged solutes (NaCl, arsenic (V) anion)
and neutral solutes (polyethylene glycols — PEGs and boric acid). The specific

objectives were:
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1. To systematically characterize changes in chemical structure and
composition, surface charge and wettability of different PA chemistries
under different chlorine concentrations and exposure durations at

constant pH.

2. To interpret the above changes consistently using available mechanisms

or incorporating new propositions.

3. To elucidate the impacts of chlorine exposure on different rejection
mechanisms (size exclusion and charge repulsion) of RO and NF

membranes using charged and neutral solutes at constant pH.

4. To assess the effects of chlorine concentrations, pH and exposure
durations on changes in membrane physiochemical properties and

performance.

Hypotheses and investigative approach
Hypotheses

This research proposed and examined the following hypotheses:

1. The effects of chlorination on different membrane chemistries are
dissimilar:
e Dbinding of chlorine to secondary amide happens more readily than
to tertiary amide

e membrane coating layer can prevent chlorine from binding to the

PA layer

2. Incorporation of chlorine into PA matrix can simultaneously promote
hydrolysis of PA layer. The existence of hydrolysis results in:
e an increase oxygen content of the PA layer

e a more negatively charged and more hydrophilic membrane surface

due to addition of carboxylic groups
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3. The pHs of chlorine solutions determine the concentrations of HOCI
OCI" and OH" species; therefore, pH directly affects the extent of both
chlorination and chlorination promoted hydrolysis of the PA layer:

e incorporation of chlorine into the PA layer increases as pH reduces,
due to the domination of HOCI, which is a stronger chlorinating
agent than OCI’

e hydrolysis happens more readily at higher pHs due to abundant OH"

groups

4. Chlorination and chlorination promoted hydrolysis produce competing
effects on the following aspects of the physiochemical properties and
performance of the membranes:

e PA structure

e membrane hydrophilicity
¢ membrane surface charge
e rejection by size exclusion

e rejection by charge repulsion

1.3.2 Investigative approach

The experimental approach involved the study of state-of-the-art
membranes representing semi-aromatic piperazine and fully aromatic (with and
without coating layer) PA chemistries. Commercial membranes (NF270, HL,
NF90, XLE, BW30 and SW30HR) were chosen owing to their well-documented
and stable physiochemical properties and performance. The investigated
parameters for chlorine treatment conditions included concentration, pH and
treated duration. Sodium hypochlorite, NaOCl was used as chlorinating agent
because it is most commonly used in membrane bio-cleaning and safe to handle.
Chlorine concentrations range from 1 and 10 ppm CI, which mimic common
practice in plant operation, to 100, 1000 and 2000 ppm CI, which accelerate the
degradation process in the laboratory. Since NaOCI has a pK, ~ 7.5, the treatment

pHs were set at 5, 7 and 9 to achieve different chlorine speciation.
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X-ray photoemission spectroscopy (XPS) and attenuated total reflection-
Fourier transform infrared (ATR-FTIR) spectroscopy provided data for chemical
composition and bonding at the membrane surface and bulk. The changes in the
membrane surface charge and wettability were determined using zeta potential and

sessile drop contact angle measurements.

The performance of virgin and treated membranes was evaluated in terms
of water permeability, rejection of charged (NaCl, arsenic (V) anion) and neutral

(polyethylene glycols — PEGs and boric acid) solutes.

1.4  Scope and outline

This thesis contains seven chapters and four appendices. Chapters 1-3 and
Chapter 7 present the introduction, literature review, experimental materials and
methods and conclusions, respectively. The major results and discussion are
presented in Chapters 4-6. Chapter 4 and Chapter 6 have been published in
Environmental Science & Technology Journal. Chapter 5 has been published in
Water Research Journal. The contents of Chapters 4-6 and appendices are

summarized below in brief.

Chapter 4 presents evidences that chlorine treatment of different PA
chemistry based NF and RO membranes leads to the uptake of chlorine and oxygen
by PA membranes. Changes in the membrane surface and bulk chemistry as well
as surface charge and wettability imply that subsequent reactions with hypochlorite
appear to hydrolyze the amide C—N bond of the PA layer.

Chapter 5 assesses the performance changes of NF and RO membranes
due to hypochlorite exposure. Changes in rejection by size exclusion are
investigated by filtration of neutral solutes (PEGs and boron) while changes in
rejection by charge repulsion are studied with NaCl and As(V). The importance of
chlorination-promoted hydrolysis in Chapter 4 on both major solutes (NaCl), PEGs
and trace contaminants (boron and As(V)) is discussed in detail.
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Chapter 6 systematically investigates the chlorination effect on compound
rejection. Factors that were considered included chlorination promoted hydrolysis,
changes in membrane physioproperties and the influence of treatment conditions
(chlorine concentration, pH and exposure duration) on membrane permeability and
compound rejection. In addition, to highlight the effects of chlorine exposure, the
rejection of inorganic contaminants was evaluated with boron and arsenic (V)

representing neutral and charged solutes, respectively.

The appendices provide additional information to the main chapters.
Appendix A consists of the calibration curve for determination of PEG
concentration determination by gel permeation chromatography. Appendices B, C

and D provide supplemental data for Chapters 4, 5, and 6, respectively.
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Chapter 2

Background and Literature Review

2.1 Pressure-driven processes overview

The heart of membrane separation processes is the semi-permeable thin
film that allows the passage of water yet retains other solutes or particles (Mulder,
1996). Pressure-driven membranes in water processes are mainly classified
according to their pore size and rejection properties as microfiltration (MF),
ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO). Table 2-1

presents an overview of the properties of each membrane category.

Table 2-1. Characteristics of pressure-driven membranes (Mulder, 1996; Fane

et al., 2011).
Microfiltration Ultrafiltration  Nanofiltration Reverse
0Smosis
Pore size 50-10 000 1-100 ~2 <2
(nm)
Operating 0.1-2.0 1.0-5.0 2.0-10 10-100
pressure
(bar)
MWCO (Da) Not applicable  1000-300 000 > 100 > 20
Targeted Bacteria, algae, Bacteria, Di- and Dissolved
contaminants  suspended Viruses, multivalent monovalent
solids, turbidity colloids, ions, natural ions, small
macromolecules organic matter  molecules
Membrane Polymeric, Polymeric, TFC PA, TFC PA,
materials inorganic, some inorganic  cellulose cellulose
metallic acetate, other  acetate
materials
(Schafer et al.,
2005)

TFC PA: Thin-film composite polyamide
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Low pressure MF and UF membranes are commonly employed to remove
suspended solids, colloids, bacteria, and viruses in water and wastewater treatment
or to concentrate valuable solutes such as proteins and dyes in biomedical and
industrial applications. They are also used as a pretreatment step prior to NF and
RO processes and are often operated in dead-end (or frontal) configuration, in
which the feed water passes perpendicularly through the membrane (Fane et al.,
2011; Watanabe and Kimura, 2011).

Non-porous RO membranes are the key in the desalination process of
seawater and brackish water owing to their efficiency in removing monovalent ions
and most other contaminants. NF membranes, which are more permeable and
require less operating energy than RO membranes, are used to remove impurities
down to the size of divalent ions, such as salts, hardness, pathogens, turbidity,
disinfection-byproduct (DBP) precursors, pesticides and other potable water
contaminants (Childress and Elimelech, 2000; Schafer et al., 2005). NF and RO
processes are typically configured in the cross-flow mode, which is illustrated in
Figure 2-1. Feed water flows through the unit in parallel to the membrane surface
at a cross-flow velocity. Trans-membrane pressure is the driving force for water to
pass through the membrane as permeate while dissolved solutes are retained and

discharged as retentate/concentrate.

Cross-flow velocity  Pressure (O O

Feed ‘ O O  Retentate/
=» O o OO OO O Concentrate

Permeate

Figure 2-1. Schematic operation of a cross-flow filtration unit.
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The permeate flux, J (volumetric), is related to the applied pressure
difference, 4P, and the osmotic pressure difference, Az, across the membrane,
permeate viscosity, #, and total hydraulic resistance, R, of the membrane and
fouling layer, if any, through the following equation (Schafer et al., 2005):

_AP-Arx
nR

J (2-1)

The membrane water flux (Jy), which is one of the main parameters to

evaluate membrane performance, is obtained from the water volumetric flow rate,

Qp, that permeates through the membrane area, An, by:

J, =~ (2-2)

The water permeability coefficient, A is determined from the water flux, Ju,
following the phenomenological Darcy’s law (Mulder, 1996; Fane et al., 2011):
J

= “w 2-3
AP —Ax (2-3)

For dilute solute concentrations, the osmotic pressure difference, Az can be reliably
estimated using the following equation. In case of more concentrated solutions, the
Ar can significantly deviate from the true value and should be calculated using

more sophisticate approaches or software.
A = iRgT(Cp—Cp) (2-4)

where i is the dimensionless van’t Hoff factor
Ry is the universal gas constant
T is the absolute temperature

Cpand C,, are the bulk and permeate salt concentrations, respectively.
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The apparent solute rejection, R is determined from the solute
concentrations of the permeate, C, and of the feed, C; by:

CP
R=1-2 (2-5)

f

The solute permeability coefficient, B is determined from rejection test
results by (Mulder, 1996; Fane et al., 2011):

B=wa(%—1) (2-6)

2.2  Structures and chemistries of NF and RO PA membranes

An ideal membrane for a successful separation process requires thermal
and chemical stability, good mechanical durability, and low production cost. The
two main groups of NF and RO membranes are integrally skinned asymmetric
ones formed by a phase inversion process and thin film composite (TFC) ones
achieved via interfacial polymerization (IP) (Schéfer et al., 2005). Although phase
inversion offers a one-step preparation of membranes at lower cost by “the
controlled transformation of a cast polymeric solution from a liquid into a solid
phase”, it is limited to soluble polymers (Schéfer et al., 2005). Meanwhile, in IP
process, the thickness of the separation layer can be reduced down to hundreds of
nanometers by polymerization reaction that occurs between monomers at the
interface of two immiscible liquid phases (Mulder, 1996). The multilayer approach
by IP allows easy optimization of the individual layers and the functional layer to

be fabricated out of different materials from those of the support.

TFC membranes typically consist of an ultrathin barrier layer cast on a
thick, porous and nonselective supporting layer as illustrated in Figure 2-2 (Fane et
al., 2011). The support layers usually include a nonwoven polyester web as

reinforcing fabric, coated with an anisotropic microporous material, which is
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frequently polysulfone (Figure 2-3) owing to its good mechanical strength, thermal
stability and chemical resistance (Cadotte and Petersen, 1980; Petersen, 1993).

Polyamide ~ 0.05- 0.3 pm

Polysulfone ~20 — 50 pm

A P T R T U
g&: J}wi:?ré}”: s:gil‘;‘h.ﬁ' iqé.;_;"i‘:.;y; igits 5&%}
ij Backing Iayer~ 200 pm E‘i { i -_ i .:‘ ﬁ;i

Lo
SR Siet

Figure 2-2. Typical structure of thin film composite polyamlde membrane
(Fane et al., 2011).

Foto-0f

Figure 2-3. Polysulfone chemistry.

O

The chemistry of the active layer of a TFC membrane is critical in
determining its physiochemical properties, such as surface charge, wettability and
morphology and the permeation characteristics, such as molecular weight cut-off
(MWCO) and permeation rate (Cadotte and Petersen, 1980). The most well-known
and commonly used formula for the selective layer is the fully aromatic (FA)
polyamide (PA) formed by interfacial polymerization of trimesoyl chloride (TMC)
and 1,3-benzenediamine (also known as m-phenylene diamine, MPD) to obtain a
three-dimensional cross-linked rejection layer (Figure 2-4a) (Petersen, 1993; Tang
et al., 2009a). Since its invention in 1970s by Cadotte and co-workers, this
membrane recipe was developed and commercialized by FilmTec under the name
FT-30 and has become the principal chemistry for most commercial NF and RO

membranes available today (Cadotte, 1985; Petersen, 1993). Polyamide from this
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formula has a typically rough ridge-and-valley surface structure and carboxyl

functional groups introduced by the TMC (Petersen and Cadotte, 1990; Petersen,

1993; Tang et al., 2006). A common replacement of MPD is piperazine (PIP),

which results in a semi-aromatic PA (Figure 2-4b) with a smoother membrane
surface (Petersen and Cadotte, 1990; Tang et al., 2009b).

(a)

(b)

Figure 2-4. Typical

CloC
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chemistries of polyamides formed by

interfacial

polymerization: (a) Fully aromatic polyamide based on trimesoyl chloride
(TMC) and 1,3-benzenediamine and (b) Semi-aromatic polyamide based on
trimesoyl chloride (TMC) and piperazine.
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The degree of polyamide cross-linking is indicated by the value of n, which
is in the range of 0 — 1 and the O/N ratio in the range of 1 — 2. A linear aromatic
PA (n = 0) has one free carboxyl group for every two amide groups, which results
in the molecular formulas: C;sH1004N2 and Ci3H1,04N, for FA and PIP PA,
respectively, and the O/N ratio = 2. For a fully cross-linked aromatic PA (n = 1),
each repeating unit shares an additional half of the amide ring of the inter-chain
cross-link, which results in the molecular formulas: C1gH1,03N3 and CisH1503N3
for FA and PIP PA, respectively; and all O and N atoms form amide groups, hence
the O/N ratio = 1 (Tang et al., 2007; 2009a).

In order to further enhance the membrane performance, reduce fouling and
protect the membrane against oxidation, surface modifications are often employed
to change the pore structure and wettability and introduce functional groups.
Besides plasma treatment, polymer grafting and classical organic reactions, surface
coating has proved to be an effective method (Schafer et al., 2005). Neutral
hydrophilic coatings, such as polyvinyl alcohol (PVA) can reduce the surface
charge, hydrophobicity and roughness of the membranes (Ariza et al., 2000a; Tang
et al., 2007; 2009a; b), which can mitigate foulant deposition on the surface.

2.3 Membrane rejection mechanisms

2.3.1 Rejection models

There have been several mechanistic and mathematical models developed
to describe the passage of water and retention of solutes in NF/RO membranes.
Two widely accepted mechanistic models, which were both initiated in the second
half of twentieth century, are the solution-diffusion model and the pore-flow model
(Wijmans and Baker, 1995).

2.3.1.1 Solution-diffusion model

The solution-diffusion model, proposed by Lonsdale et al. (1965), which is

outlined in Figure 2-5, is widely accepted to explain the separation process in RO
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membranes (Wijmans and Baker, 1995). Solutes and solvent dissolve into and
diffuse through the homogenous and nonporous active layer of the RO membrane.
The diffusion of solutes and solvent is uncoupled and driven by their individual
chemical potential gradients across the membrane following Fick’s law. The
separation is governed by the difference in quantities of solutes or solvent that can
dissolve in and the rates that they diffuse through the membrane matrix (Lonsdale
et al., 1965; Soltanieh and Gill, 1981; Wijmans and Baker, 1995). In addition,
compounds can be adsorbed onto the membrane surface and internal matrix, which
results in their slower initial passage rates until all the sorption sites are saturated
(Ng and Elimelech, 2004; Nghiem et al., 2004).

solute @
surface
) rejection

surface
absorption

internal dissolution
absorption in membrane
w @ iffusion

membrane

permeation

Figure 2-5. Separation processes in the solution-diffusion model (Steinle-
Darling, 2008).

2.3.1.2 Pore-flow model

In contrast to the solution-diffusion model, the pore-flow model (Figure
2-6) describes the membrane as a nano-porous material and is applicable for NF
membranes (Bowen and Doneva, 2000). Solutes convectively pass through the
membrane matrix by means of solvent flow in the pores. Rejection is achieved
when solutes are retained by the membrane pores. Both convection and diffusion
account for the transport of water and solutes (Sourirajan and Matsuura, 1985;
Wijmans and Baker, 1995).
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Figure 2-6. Separation processes in the pore-flow model (Steinle-Darling,
2008).

2.3.2 Factors affecting rejection

Although the aforementioned models have different assumptions about the
structure of the membranes, they both agree that there are many additional factors
affecting the separation process, especially in case of trace organic compounds,
such as charge, size, hydrophobicity, polarity (Van der Bruggen et al., 2003;
Bellona et al., 2004; Nghiem et al., 2004). These factors are further discussed in

the following sections.

2.3.2.1 Steric interaction — size exclusion

Size exclusion considers that retention of a contaminant molecule is based
only on its steric hindrance. This model can be visualized as a “sieving
phenomenon, except that in membrane filtration, pores neither have a uniform pore
size nor are the solutes of a uniform size” (Nghiem and Schéfer, 2005). Molecular
weight cut-off (MWCO) is an indicator that uses the relationship between molecule
size and weight to gauge membrane separation. MWCO, which usually has the unit
of the Dalton (Da), is the weight of the lightest solute that is retained by more than
90% by the membrane (Van der Bruggen et al., 2003). Uncharged solutes that are
commonly used as the molecular probe for the MWCO include polyethelyne glycol
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PEG (Braghetta et al., 1997; Lopez-Mufioz et al., 2009), saccharides (Seidel et al.,
2001; Nghiem et al., 2004) and dyes. However, it should be noted that the MWCO

does not precisely represent the actual size, rigidity or geometry of a molecule.

2.3.2.2 Electrostatic repulsion

As most of available membranes have a negatively charged surface, charge
interaction between solutes and membranes plays an essential role in a separation
process. Negatively charged molecules have been reported to experience
electrostatic repulsion from membrane surfaces, and consequently are retained
more than other non-charged compounds of the similar size (Kimura et al., 2003b).
Since the charge of both the membrane and ionic compounds depends on pH,
solution pH can greatly affect their repulsive interaction, and hence their rejection
efficiency (Bellona and Drewes, 2005; Manttéri et al., 2006; Nghiem et al., 2006).

2.3.2.3 Other factors

The polar organic compound separation process by RO/NF membranes is
more complicated due to intervention of other factors such as polarity and
hydrophobicity. These factors can alter the partitioning of solutes between the bulk
solution and membrane surface (Nghiem and Schéfer, 2005). Van der Bruggen et
al. (1998) have proposed that the dipole moment of solute molecules will cause
their oppositely charged side to be attracted to the membrane surface. Hence, the

dipole moment of compounds will enhance their passage through membranes.

Hydrophobicity can be another factor in the rejection of organic
compounds. Most of the available PA-based NF and RO membranes have
hydrophobic surfaces. Studies have indicated that hydrophobic compounds are
adsorbed more by hydrophobic membranes (Kiso et al., 2001; Nghiem et al., 2002;
Kimura et al., 2003a; Kimura et al., 2003b).
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2.4  Chemistry of chlorine species

One of the major obstacles in membrane processes is fouling, which is
defined as the accumulation of substances on a membrane surface and/or within
the membrane pores (Schafer et al., 2005). The four main categories of foulants
are: 1. colloidal and particulate matter; 2. inorganic salts that cause scaling;
3. organic macromolecules; and 4. microorganisms that cause biofouling (Goosen
et al., 2004; Bartels and Wilf, 2005). Fouling causes a decline in the permeate flux
or an increased trans-membrane pressure, resulting in either loss of water
throughput or additional energy consumption. Besides the physical membrane
cleaning methods such as hydraulic backwashing, air scrubbing, sponge ball and
brush cleaning, disinfection chemicals are employed to combat organic and
biofouling (Mulder, 1996). In membrane operation, chlorine and its derivatives are
widely used as cleaning agents and also as disinfectants to control biofouling for
RO upstream (Glater et al., 1994; Gray et al., 2011; Watanabe and Kimura, 2011).

The earliest use of chlorine for water disinfection, which was in form of
hypochlorite salt, dates back in 1850. It was later observed that it can achieve the
same result as that of chlorine gas (White, 2010). Today, sodium hypochlorite —
NaOCI is most commonly used in water disinfection and membrane cleaning
because it is relatively safe to handle and cost-effective (Glater et al., 1994; White,
2010). Hypochlorite is usually prepared at 25 — 100 ppm total residual chlorine for
membrane cleaning or dosed into the feed water of water/wastewater treatment
plants (e.g., NEWater Factory in Singapore) at ~ 2.0 — 2.5 ppmat pH ~5 -6 to
restrain microorganism growth, reduce scale and other deposits on membranes
(Wilf and Allt, 2000; Bartels and Wilf, 2005; Gray et al., 2011).

The disassociation of NaOCI in water at a pH above 2 gives major active

chlorine species as follows:

NaOCl «+» Na* + OCI’ (2-7)

OCI" + H" < HOCI (2-8)
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The composition of the species depends on the solution pH and follows the
equations (Benjamin, 2002):

_ C|T[H+]
[HOC']—W (2'9)
[ocr]:% (2-10)

where: Cly is the free chlorine, which is defined as the sum of species containing
the chlorine atom in the 0 or +1 oxidation state that are not combined with
ammonia or organic nitrogen (White, 2010).
K, is the acidity constant of hypochlorous acid, = 2.9 x 10°® (Kwon and
Leckie, 2006a; Silberberg, 2006).

Other trace chlorine species can be formed under specific conditions, such as:

HOCI (ag) + CI' + H" <> Cl, (aq) + H,O (I)  log Ky =3.43  (2-11)

2HOCI (aq) <> CLO0 (aq) + H20 (1) log K, =-2.06 (2-12)

It was documented by White (2010) that HOCI is a more effective
disinfectant than OCI" because HOCI is uncharged and can penetrate the negatively
charged walls of bacteria cells more readily. For example, HOCI is 80 times more
effective than OCI for inactivation of Escherichia coli (Fair et al., 1948). Based on
the oxidation/reduction potentials in Table 2-2, the oxidation strength of these
species is established as: Cl, ~ HOCI > OCI" (White, 2010). However, the
electrophilic reactivity with the aromatic ring or “chlorination strength” of the
species is established as Cl, > Cl,O » HOCI > OCI" (Voudrias and Reinhard,
1988a; b; Sivey and Roberts, 2012).
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Table 2-2. Half reactions and standard redox potentials (at 25 °C) for selected
chlorine compounds (White, 2010).

Half-reaction E% (V)
Cl,(aq) +2e" —2CI +1.396
HOCI+H" +2¢" > CI'+H,0 +1.482
OCI" +H,0+2¢" > Cl" + 20H +0.81

2.5 Chlorination mechanisms

Chemical cleaning is an effective and indispensable method to mitigate the
inevitable fouling problem in filtration processes, but it is also aggressive to PA
membranes, causing membrane deterioration and performance loss. It is essential
in both membrane manufacturing and operation to fully understand the causes of
membrane degradation under chemical exposure, especially the commonly used
chlorine in different forms. Numerous researches have tackled this issue and
suggested several mechanisms for chlorine to attack the PA rejection layer as

outlined in Figure 2-7.
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Figure 2-7. Chlorination mechanisms of fully aromatic polyamide (FA PA)
membranes. (A) N-chlorination; (B) direct ring chlorination; (A) and (C)
indirect ring chlorination by Orton rearrangement (Glater et al., 1994).
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The secondary amide group of the FA PA has two typical resonance
structures as shown in Figure 2-8, which account for its enhanced stability and
diminished basicity of the N atom (Wade, 2006). The N-chlorination mechanism
(Figure 2-9) proposed that active chlorine species having a partial positive charge
can bind with the lone electron pair of either the N or O atom of the amide group
and rearrange to become N-chloroamide (Hardy and Robson, 1967; Challis and
Challis, 1970; Glater et al., 1994; Singh, 1994; Jensen et al., 1999; Kwon et al.,
2008). It was observed from NMR (Kawaguchi and Tamura, 1984a; Jensen et al.,
1999) and FTIR spectra (Kang et al., 2007) that chlorine attachment to the N atom
can be reversed by treating with sulfite or alkaline solution. It was reported that the
nitrogen of the tertiary amide in semi-aromatic PA (Figure 2-4) is not susceptible
to chlorine attack due to the absence of an amide proton (Kawaguchi and Tamura,
1984a; b; Soice et al., 2003).

(“) :él)T
c. R c.. R
\../” = N\+/
R/ l}l R/ N F\Irl
H H

Figure 2-8. Resonance structures of amide bond (Wade, 2006).
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Figure 2-9. Mechanism of N-chlorination via (a) N atom (Kwon, 2005) and (b)
O atom of amide group (Barassi and Borrmann, 2012).

In FA PA structure, N-H is an electron releasing group, hence it activates
the ring reactivity while C=0 is a ring deactivating group due to its electron
withdrawing effect (Glater et al., 1994). The direct ring mechanism (Figure 2-10)
suggested that chlorine is incorporated into the PA layer through electrophilic
substitution at the aromatic ring of m-phenylene diamine, mostly observed at the
para-position (Shafer, 1970; Glater and Zachariah, 1985). Using bromine as
halogenating agents, Glater and Zachariah (1985) observed multiple ring
bromination. However, Soice et al. (2003) only observed single chlorine addition

to the ring and explained that chlorine can deactivate the ring from further
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substitution owing to its electron withdrawing. They also suggested a “saturation

point” for ring chlorination, implying that reaction sites are limited.

O

ON— —C\@/C N@,N— —C\Q/ J©/N—

cl Cl
Oo=C CI CI

| 3"

Figure 2-10. Mechanism of direct aromatic chlorination by electrophilic
substitution (Kwon, 2005).

Indirect ring chlorination via N-chloroamide (Figure 2-11) was first
observed by Mills in 1860 and later the Orton rearrangement mechanism was
proposed by Orton and Jones (1909) and supported by others (Kawaguchi and
Tamura, 1984a; b; Soice et al., 2003). The first step involves dechlorination of N-
chloroamide and generation of elemental chlorine (Cl,) in acid solution in the
presence of chloride anions (Orton and Jones, 1909; Orton et al., 1928).
Irreversible ring chlorination via electrophilic substitution by chlorine
subsequently occurs at either the para- or ortho-position (Ingold, 1953; Kawaguchi
and Tamura, 1984a).
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Figure 2-11. Indirect ring chlorination - Orton rearrangement (Barassi and
Borrmann, 2012).
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Addition of chlorine into the PA layer causes polymer deformation and is
believed to be responsible for changes in membrane properties. At a more severe
degree of chlorination, amide bond cleavage can occur when chlorine attacks the
nitrogen or the ring of the amide group, thus leading to depolymerization. Koo et
al. (1986) proposed that the cleavage was followed by benzene ring oxidation and
resulted in substituted quinone derivatives. The pH of chlorine exposure was
reported to affect the extent to which PA membranes are degraded by chlorination
(Lowell et al., 1987; Soice et al., 2003; Ettori et al., 2011). Studies have shown that
chlorine is more reactive with PA at low pH, at which HOCI is the dominating
active chlorine species (Lowell et al., 1987; Avlonitis et al., 1992; Soice et al.,
2003). Using simple model compounds, Soice et al. (2003; 2004) reported that
OCI may not react directly with the amide and aromatic rings and suggested that a
different unknown degradation mechanism occurs at pH 9 and above. Hoffman
degradation was suggested by Avlonitis et al. (1992) where amide bond cleavage at
high pH formed primary amines and carbon dioxide through loss of the carbonyl
group. However, Hoffman degradation happens in alkaline condition, which is not
applicable to wastewater treatment. Further studies are required to gain to insight
into chlorination degradation at high pH.

Studies in the literature have favored chlorination by Orton rearrangement,
but still not been able to rule out N-chlorination or direct ring chlorination (Glater
et al., 1994). Although some studies have proposed that N-chlorination and direct
ring chlorination can happen simultaneously and independently (Orton et al., 1928;
Ingold, 1953; Bieron and Dinan, 1970; Antony et al., 2010), other studies seemed
to only support either of them. For example, Glater and Zachariah (1985) only
reported direct ring chlorination and still observed N-H bonding using IR and
NMR spectral analysis. However, ring chlorination mechanisms alone cannot
adequately explain certain phenomena consistently observed in PA chlorination
such as the disappearance of the FTIR characteristic peaks associated with the N—
H bond or the enhanced negative charge on membrane surface after chlorine
exposure (Kwon and Leckie, 2006a; b; Kang et al., 2007; Simon et al., 2009; Ettori

et al., 2011). Moreover, almost all previous studies have focused on the
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incorporation of chlorine into the membrane matrix, but systematic studies on
oxygen composition changes and the role of chlorine in promoting amide
hydrolysis as a significant competing degradation reaction have not been

emphasized or reported (Glater et al., 1994).

2.6  Effects of chlorination on membrane performance

2.6.1 Changes in water flux and NaCl rejection

Studies on the effects of chlorine exposure on membrane performance in
terms of water permeability and NaCl rejection have led to divergent observations
and numerous explanations based on the chlorination mechanisms in Section 2.5
and other processes. It has been reported that exposure to chlorine can cause the
flux to decline and to either increase or decrease the salt rejection (Glater et al.,
1981; Koo et al., 1986; Soice et al., 2003; Kwon and Leckie, 2006b; Kwon et al.,
2006; Kang et al., 2007; Simon et al., 2009; Ettori et al., 2011). Nonetheless,
certain chlorine exposure conditions can improve the flux and salt rejection of PA
membranes, and are patented as a post-treatment in membrane manufacture
(Cadotte, 1981; Uemura et al., 1988; Uemura et al., 1991; Jons et al., 1999).
Generally, the performance changes depend on the chlorine exposure conditions
such as concentration, pH and duration (Glater et al., 1994). A summary of
profound studies on the performance of chlorinated PA membranes is presented in

Table 2-3 and discussed in more detail below.
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Table 2-3. Summary of typical chlorinated PA membrane performance.

References Observations Membrane chemistry [CI]” x h (pH)
(commercial name
/company)
Koo etal., |Initial F| but 7 with time, R| as F1 FA PA (FT-30/Dow 100 ppm x 24, 48,
1986 FilmTec) 72h (pH 7)
Glater etal., [+ FT-30: 3 ppm: F & Rt (pH 5.8 & * FA PA (FT-30/Dow Use Cl; gas
1981 8.6); F & R| (pH 3) FilmTec) 3,30 ppm x 40 h
*B-9:3ppm: F & R| (pH 8.6); F1 & |+ homogeneous aromatic |(pH 3, 5.8, 8.6)
R| (pH 3 & 5.8) PA (Aramid B-9/Dupont)
Kwonand |*pH 4: F|;R? (100 ppm), R| (>500 |FA PA (LFC1/ 100, 500, 1000,
Leckie, ppm) Hydranautics) 2000 ppm x 1 h
2006b *pH 9: F1, R? (100 ppm), R| (>500 (pH 4, 9)
ppm)
Kwon et al., |* pH 4: F|; R? (100, 500 ppm), R| LE (FA PA/Dow FilmTec) |100, 500, 1000,
2006b (>1000 ppm) 2000 ppm x 1 h
*pH 9: F1, R unchanged (<500 ppm), (pH 4, 9)
R| (>1000 ppm)
Kangetal, |[*pH4 & 7:F &R| FA PA (RO/Hangzhou 10, 100 ppm x 10
2007 *pH 10: F & RT (<36 h), but F & R|  |Beidouxing Membrane h (pH 4, 7, 10)
(>36 h) Co.Ltd, China)
Buchetal,, [F&R| AC PA (NF/Lab-cast) 1,3,5ppm x 24 h
2008 (PH 7)
Simon etal., |* F| in all cases * FA PA (NF90, BW30 500, 2000 ppm x
2009 « NF90, BW30 & NF270: R1 slightly |/Dow FilmTec) 18 h (pH 10.5)
at 500 ppm, R at 2000 ppm « SAP PA (NF270/Dow
* TFC-SR2: R| at 500 ppm FilmTec)
* N.A. (TFC-SR2/Koch
Membrane Systems)
Antony et |FT & R| FA PA (BW30-FR/Dow (25, 62.5, 250, 625
al., 2010 FilmTec) ppm x 16 h (pH 6)
Raval et al., [F1 for all exposure times & pH FA PA (RO/Lab-cast) 4000 ppm x 15,
2010 R? for pH 10, 12 30, 45 mins (pH
R| for pH 8.5 & 12.5 8.5, 10, 12, 12.5)
Ettori etal., |<400 ppm, pH 6.9, 8: F1, R| slightly |FA PA (SW30HR-400/ 40, 100, 400, 4000
2011 >400 ppm, pH 6.9, 8: F|,R| Dow FilmTec) ppm x 1h
(pH 5, 6.9, 8, 12)
Zhai etal., |F1 except slight F| at 2000 ppm * Aromatic PA (Merlin & |1000, 2000, 4000
2011 R? in all cases AG/GE Osmonics) ppm x 0.25, 0.5,
« FA PA (BW30LE/Dow |0.75h (pH 9)
FilmTec)
Note: *: chlorine is in the form of NaOCI unless specified otherwise

F: water flux, R: NaCl rejection
1: increase, |: decrease

FA PA: fully aromatic polyamide, SAP PA: semi-aromatic piperazine polyamide,
and AC PA: aromatic-cycloaliphatic polyamide

N.A.: not available
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The decline in water flux after membrane chlorination has been attributed
to the presence of chlorine in the PA layer that causes an increase in membrane
hydrophobicity (Koo et al., 1986). “Membrane tightening” due to chlorine addition
(Glater et al., 1981; Glater et al., 1983) or formation of azo-compounds in the PA
layer (Soice et al., 2003) or an increased degree of cross-linking (Avlonitis et al.,
1992) were proposed to be the cause to a reduced flux and increased rejection.
Alternatively, Kwon et al. suggested that the loss of hydrogen bonds between
amidic hydrogen and the carbonyl groups in the polymer chains due to chlorination
can lead to chain compaction and restricted water passage (Kwon and Leckie,
2006b; Kwon et al.,, 2006). It was consistently observed that chlorinated
membranes experience enhanced surface negative charge, which can improve
charged solute rejection due to Donnan effects, despite the weakened polymeric
structure (Kwon and Leckie, 2006a; Simon et al., 2009).

In contrast, the observed increase in flux is usually accompanied by a
decrease in salt rejection (Glater et al., 1981; Glater et al., 1983; Koo et al., 1986;
Soice et al., 2004; Kwon and Leckie, 2006b; Kwon et al., 2006; Simon et al., 2009;
Raval et al., 2010; Ettori et al., 2011). The most supported mechanism for this
observation is polyamide chain cleavage at the amide bond (Glater et al., 1981;
Glater et al., 1983; Koo et al., 1986; Singh, 1994; Taniguchi et al., 2001).
However, in their study on model compounds, Soice et al. (2003; 2004) did not
observe chain scission due to chlorination, and suggested that physical separation
of the PA rejection layer from its polysulfone support could be responsible for the
impaired performance. Avlonitis et al. (1992) investigated the physical properties
of chlorinated polymeric membranes and proposed that acidic chlorination can
decrease the intermolecular forces (i.e., hydrogen bonding) of the PA and
transform its crystallized structure into an amorphous state that allows more solutes
and solvent passage; and Hoffman rearrangement is the cause for membrane
degradation during chlorination under basic conditions. Kwon et al. postulated that
dislodging of hydrogen bonding between the carbonyl and amine due to chlorine
attack introduces unbalanced dipole moments to the membrane surface and

increases the hydrophilicity as well as the water flux (Kwon and Leckie, 2006b;
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Kwon et al., 2006). Hydrogen bond dislodging also increases the rotational
freedom or flexibility of the polymer chains and eases their self-rearrangement into

stable positions, causing a systematic increase in flux.

The complex effects of chlorine exposure on membrane performance have
resulted in contradicting phenomenological observations that were rationalized by
various proposed mechanisms and processes. However, to obtain a consistent
explanation by these mechanisms is still difficult. Therefore, further study and
possibly additional mechanisms are required to obtain more insight into the
membrane degradation process by chlorination.

2.6.2 Changes in rejection of trace contaminants

While data about the changes in membrane flux and NaCl rejection due to
chlorine exposure are well-documented, studies on the effects of membrane
chlorination on the passage of other trace organic and inorganic compounds
through NF and RO membranes are limited. Inorganic contaminants, such as boron
(in the form of boric acid and borate ion) and arsenic (commonly existing as
arsenate (V) anion) are contaminants of concern in desalination (Macedonio and
Drioli, 2008). A study by Taniguchi et al. (2001) focused on the mathematical
correlation between the permeation of NaCl and boron for the chlorinated cross-
linked fully-aromatic PA UTC-80 membranes (Toray Industries, Japan). The
increase in boron permeation due to membrane chlorination at 10, 20 and 40 mg/L
NaOCI, 24 h and pH 7 is attributed to bond cleavage proposed by Koo et al. (1986)
without further explanation. Zhai et al. (2011) reported that hypochlorite treated
PA RO membranes at pH 9 experienced enhanced boron rejection. However, the
study focused on the effects of hypochlorite concentrations and filtration feed pH

on rejection rather than on any explanation for the rejection mechanism.

Investigation on rejection of pharmaceutically active compounds (PhACs)
by chlorinated NF and RO membranes suggested that changes in rejection are the

result of complex interaction between modified membrane properties and the
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nature of the solutes at filtration conditions (Urase and Sato, 2007; Simon et al.,
2009). It was observed without mechanistic explanations in the study of Urase and
Sato (2007) that a loose NF membrane was more sensitive to chlorine exposure
than a tight one and both experienced an increase in pore size. However, their
membranes were chlorinated at a fixed chlorine concentration (1250 ppm) without
pH control. Moreover, the focus of their study was on the filtration conditions
(e.g., pH, type of membranes, filtrated compounds) rather than chlorination
conditions. Simon et al. (2009) presented a more detailed study on NF and RO
membranes and explained the increased and decreased rejection of PhACs due to
chlorine exposure using available mechanisms; their chlorination tests were
conducted at 500 and 2000 ppm NaOClI at fixed pH 10.5.

Obviously, very few compounds have been used in rejection tests for
chlorinated membranes; yet, the complex properties of inorganic and organic
compounds, such as arsenic, surfactants, endocrine disruptors, etc., can involve a
very different interaction with chlorinated membranes. It is of considerable basic
and practical interest to bridge this knowledge gap. To the best of my knowledge,
there is no report in the literature that has focused on the MWCO of chlorinated
membranes determined by PEGs. The effect of chlorination pH on trace

contaminant rejection is also lacking in the literature.

2.7 Summary of knowledge gaps

Polyamide based membranes are widely employed in desalination, water
treatment and wastewater reclamation using nanofiltration and reverse osmosis
processes. The inevitable contact of membranes with chlorine as biocidal agent
results in their degraded performance and shortened life span. In order to develop
chlorine-resistant membranes, it is crucial to obtain a more comprehensive
understanding of the attack of chlorine on the membranes by bridging the

following knowledge gaps:

e Chlorine has been proposed to attack the FA-PA separation layers via three

mechanisms: (1) substitution of amide nitrogen, (2) direct amide ring
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substitution and (3) indirect amide ring substitution via intermolecular
rearrangement. However, the mechanism whereby chlorine attacks semi-
aromatic PA membrane is poorly understood. Chlorination mechanisms of
the tertiary amide nitrogen of the semi-aromatic PA are expected to differ

from the secondary amide nitrogen of the FA-PA.

e A drawback of direct and indirect ring chlorination mechanisms is that they
alone cannot adequately explain the disappearance of N—H bonds of the PA
layer or the enhanced negative charge on membrane surface after chlorine

exposure.

e The studies of chemical composition and bonding are mainly focus on

chlorine incorporation; oxygen composition change has not been reported.

e The role of chlorine in promoting amide hydrolysis as a significant

competing degradation reaction has not been systematically investigated.

e The hydrophilicity of the chlorinated membrane surface was reported to
either increase or decrease, which is not clearly explained using the

available mechanisms.

e The complex performance changes of chlorinated membranes (increased or
decreased water permeability coupled with increased or decreased salt

rejection) have not been consistently explained by the current studies.

e The molecular weight cut-offs of the chlorinated membranes have not been

assessed.

e The existing researches mainly focus on the rejection of NaCl by
chlorinated membranes. Studies on rejection of other solutes such as trace

inorganic and organic contaminants are limited.
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Methodology

3.1 Materials and chemicals
3.1.1 Membranes

The commercial thin film composite (TFC) cross-linked PA membranes
investigated in the current study include three RO membranes (SW30HR, BW30,
and XLE) and three nanofiltration membranes (NF90, NF270, and HL). According
to our previous characterization work (Tang et al., 2007; 2009a), NF270 and HL
membranes have the semi-aromatic PIP PA chemistry; the other four membranes
are of the FA PA chemistry. In addition, the FA PA membranes SW30HR and
BW30 are coated with a polyvinyl alcohol (PVA) surface coating. The
physiochemical properties of these membranes are provided in the Table 3-1.
Membranes were provided by Dow FilmTec (Minneapolis, MN, USA), except the
HL, which was from GE Osmonics (Minnetonka, MN, USA). All membranes were
preserved as received at 4 °C in the dark until used.
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Table 3-1. Membrane physiochemical properties. Data were extracted from Tang et al. (2009b) and Fane et al. (2011), except the
MW(CO data were from Lopez-Mufioz et al. (2009).

MWCO RMS Zeta - NaCl
a Contact . Permeability .
Membrane Company  Type (Da) roughness angle (°) potential (L/m2.hr bar)’ rejection
(nm) ° (mv)® o (%)
o | Uncoated  XLE FilmTec RO - 1428+9.6 46.4+3.3 -27.8 6.04 £ 0.64 96.5
g NF90 FilmTec NF 180 1295+234 44719 -37.0 11.2+064 944+15
S, | Coated SW30HR  FilmTec RO - 544+9.1 309+36  -17 0.85 99.6
s BW30 FilmTec RO - 68.3 +125 25947 -10.1 396+£0.31 97.9+0.4
2 Uncoated HL GE Osmonics  NF - 72+26 275+43 -26.0 12.8+0.18 21.3
=g
S &
s s NF270 FilmTec NF 340 9.0 + 42 32613 -41.3 145+11 56938
2

# MWCO was determined by cross-flow filtration of polyethylene glycol (PEG) (L6pez-Mufioz et al., 2009).

b Zeta potential was measured at pH 9, with 10 mM NaCl as the background electrolyte.

¢ Permeability was evaluated using MilliQ water. The rejection was determined using a 10 mM NacCl solution at pH 7. The applied

pressure was 1380 kPa (200 psi).
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3.1.2 Chemicals

Unless specified otherwise, all reagents and chemicals were of analytical
grade with a purity over 99%. Sodium thiosulfate (Na,S,03) used in the chlorine
titration, sodium hypochlorite (~ 10% NaOCI, reagent grade) used in the
membrane degradation and boric acid (H3BO3) used in the filtration tests were
purchased from Sigma Aldrich (St. Louis, MO, USA). Disodium hydrogen
arsenate heptahydrate (Na;HAsO,+7H,O) was obtained from Alfa Aesar (Ward
Hill, MA, USA). Polyethylene glycol - PEG standards for the calibration curves
were obtained from Varian Inc. (Santa Clara, CA, USA). PEGs used for the
rejection tests, calcium chloride dehydrate (CaCl,*2H,0) used in the reaction with
membrane functional groups, sodium chloride (NaCl) and concentrated
hydrochloric acid (HCI) were purchased from Merck (Darmstadt, Germany).
MilliQ water (Millipore, Billerica, MA, USA) was used in all preparations and

experiments.

3.2 Membrane chlorination protocol

The chlorination solutions were prepared from NaOCI stock solution with
their pHs adjusted by adding concentrated HCI or NaOH not more than 24 h before
use. The total chlorine concentration — Cly, which is defined as the sum of all
active chlorine species (White, 1986), was determined from iodometric titration
with sodium thiosulfate and reported as ppm of Cl equivalent (Eaton et al., 1995).

The titration involves the following main chemical reactions:

HOCI + 21" — CI™M + 1, + OH (3-1)
or cll+ 21t > 2¢1t+1° (3-2)
1.0 + 25,05 — S406° + 2I (3-3)

Before the chlorination tests, the membrane coupons were rinsed and
soaked in MilliQ water for 24 h to remove surface impurities and preservatives.
The coupons were pre-soaked in NaOCI solutions at the same test conditions for 1

min to remove excess water on the surface and then immersed in 0.5 L Wheaton
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bottles containing NaOCI solutions of different Cly and pH for different
predetermined durations. The bottles with PTFE-lined caps were wrapped in
aluminum foil to prevent radical reactions and photochemical degradation of the
chlorine, and were constantly shaken at room temperature (~ 21 °C). After the
exposure tests, the average chlorine depletion of the soaking solutions was less

than 10%, and was within the range reported in the literature (Ettori et al., 2011).

3.3 Membrane characterization

After the chlorine exposure tests, the samples were thoroughly rinsed with
MilliQ water. For XPS, FTIR and contact angle measurements, the membranes
were vacuum dried whereas the zeta potential measurement was performed

immediately after chlorination.

3.3.1 Carboxyl functional groups identification by calcium cation

A virgin membrane was prepared by soaking for 24 h in advance; freshly
chlorinated membranes were thoroughly rinsed of chlorine solution. Membrane
coupons were immersed in CaCl, 0.1 mM solution twice, each time for 10 min.
The reaction pH was adjusted to 7 by adding appropriate amounts of 0.1 M HCI or
NaOH. The coupons were then rinsed with a 0.001 mM CacCl, solution at pH 7 four
consecutive times (5 min each) to remove calcium ions that were not bound to the
membrane surface (adapted from Coronell et. al (2008; 2009)). In order to prevent
Ca®" precipitation due to absorption of atmospheric carbon dioxide and maintain a
stable pH of the solution, the reactions were performed in 500 mL cylindrical gas-
washing bottles, which allowed nitrogen gas to be continuously purged in order to
blanket the solution. The coupons were dried with nitrogen gas and kept in a
vacuum desiccator. The composition of Ca’* on the membrane surface was
determined by XPS.
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3.3.2 X-ray Photoelectron Spectroscopy (XPS)

To obtain information about composition and bonding chemistry for the
surface layer (top 1 to 5 nm sample thickness), XPS analysis was carried out on a
Kratos AXIS Ultra spectrometer (Shimadzu, Columbia, MD, USA) with a
monochromatic aluminum Ko X-ray source at 1486.7 eV. To compensate for
membrane surface charging, the electron flood gun was operated at 3.6 eV. Survey
spectra were recorded 3 times per sample, over the range of 0 — 1000 eV at 1 eV
resolution. The high-resolution spectra had a resolution of 0.1 eV. Calibration for
the elemental binding energy (BE) was done based on the reference for carbon 1s
at 285 eV (Beamson and Briggs, 1992). Data were processed using standard
software with Shirley background. The elemental BE and the relative sensitivity
factors (RSF) are summarized in Table 3-2. From 2 to 5 replicates analyses were
done at each chlorination condition for the NF90, BW30 and NF270 membranes.

Table 3-2. XPS elemental binding energy (BE) and relative sensitivity factors
(RSF).

Element O1s Cls N 1s Cl 2p S2p Caz2p
RSF 0.78 0.278 0.477 0.891 | 0.668 1.833
BE (eV) 531 285 400 200 168 347

3.3.3 Attenuated total reflection-Fourier transform infrared (ATR-FTIR)

The bonding chemistry of the chlorinated membranes was obtained using
an FTIR (IRPrestige-21, Shimadzu, Columbia, MD, USA) with 45° multi-
reflection HATR ZnSe flat plate crystal (PIKE Technologies, Madison, WI, USA)
as the ATR element. Each spectrum was averaged for 50 scans over the range of
650 — 4000 cm™ at a resolution of 2 cm™. Baselines were corrected for atmospheric
CO, and water vapor. One replicate was done for each sample. The assignments
for the membrane characteristic peaks are summarized in Table 3-3.
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Table 3-3. Peak assignment for FTIR spectra (Tang et al., 2009a).

poly(piperazin-
amide)

FTIR peaks Peak assignments
Fully aromatic | 1663 cm™ Amide | band (C=0 stretching — dominant
polyamide contributor, C—N stretching, and C—-C—N
deformation vibration in a secondary amide
group)
1609 cm™ Aromatic amide (N-H deformation
vibration or C=C ring stretching vibration)
1541 cm™ Amide Il band (N-H in-plane bending and
N-—C stretching vibration of a -CO-NH-
group)
Semi-aromatic | 1630 cm™ Amide | band for poly(piperazin-amide)

Polysulfone

~ 1587, 1504, and
1488 cm™

Aromatic in-plane ring bend stretching
vibration

1385 — 1365 cm™

C—H symmetric deformation vibration of
>C(CH3)2

1350 — 1280 cm™

Asymmetric SO, stretching vibration

~ 1245 cm™

C—O-C asymmetric stretching vibration of
the aryl-O-aryl group

1180 — 1145 cm™

Symmetric SO stretching vibration

~830cm™t

In-phase out-of-plane hydrogen
deformation of para-substituted phenyl
groups

Others

3330 cm™

N-H and O-H stretching

3100 — 3000 cm*

Aromatic =C—H stretching

3000 — 2900 cm™

Aliphatic C—H stretching

3.3.4 Zeta potential

Membrane surface charge was measured using a SurPASS electrokinetic
analyzer (Anton Paar GmbH, Graz, Austria) with an adjustable gap cell. The cell
channel height was adjusted to ~ 110 + 5 um. NaCl (10 mM) was used as the
electrolyte solution. The solution pH was automatically titrated from 3 to 9 using
0.1 M HCI and 0.1 M NaOH. The zeta potential, { was calculated from the
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streaming potential using the Helmholz-Smoluchowski equation (Elimelech et al.,
1994; Childress and Elimelech, 1996):

_AU, 7 L1

= (3-4)
AP &g, AR

g

where AUs: streaming potential
AP: applied pressure
AUs/AP: slope of the streaming potential versus applied pressure curve
n: dynamic viscosity of the solution
&: permittivity of the test solution
go. permittivity of free space

L, A, R: length, cross-sectional area and electrical resistance of the channel

For solutions with low surface conductivity (i.e., electrolyte concentration > 107
M), the L/A ratio was determined from the solution conductivity, x, using the
Fairbrother—Mastin approach (Fairbrother and Mastin, 1924):

L

K =xR (3-5)

Thus Eq. 3-4 becomes:

AU, 7
2 T 3-6
d AP &g, " (39

3.3.5 Contact angle

The wettability of a membrane can be assessed via a contact angle
measurement, whereby a lower contact angle indicates that the surface is more
hydrophilic or more polar. Contact angle measurements were performed with an
OCA Goniometer (Dataphysics Instruments, Filderstadt, Germany) by the sessile
drop method (Kwon and Leckie, 2006a; Tang et al., 2009b). A syringe with a

needle diameter of 0.525 mm was used to place a MilliQ water droplet of 10 pL on
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the membrane. A static image of the droplet in equilibration with the membrane
surface was taken with a CCD camera. A circular profile of the droplet was
generated and the contact angle, 6, which is formed by tangent line to the droplet
and the liquid-solid interface, was computed by the SCA20 software (Figure 3-1).
The reported contact angle of each membrane sample was the average of 40
measurements (2 independent membrane coupons and 20 different locations for

each sample) with errors indicated by the standard deviations.

Water droplet

membrane

Figure 3-1. lllustration of contact angle measurement by sessile drop method.

3.4 Membrane performance evaluation

3.4.1 NF/RO filtration system design

The laboratory-scale high pressure filtration system in Figure 3-2 consists
of identical cross-flow CF042 cells (Delrin Acetal, Sterlitech, Kent, WA, USA) in
parallel arrangement. Each cell houses 42 cm? (4.6 cm x 9.2 cm) of active
membrane area and has maximum operating pressure of ~ 6.89 MPa (~ 1000 psi).
Diamond-patterned feed spacers of 1.2 mm thickness from GE Osmonics
(Minnetonka, MN, USA) were used for all filtration tests to minimize the effect of
concentration polarization. Both permeate and concentrate were re-circulated back
to a 30-L stainless steel feed tank by a variable-speed diaphragm pump (HydraCell,
Minneapolis, MN). The temperature of the feed solution was controlled at about 21
+ 1 °C by a submerged stainless steel heat exchange coil connected to a chiller
(Polysciene, Niles, IL, USA). The pressure inside each membrane cell was
maintained at the target pressure using flow-control valve and pressure relief

valves (Swagelok, USA), and its value was monitored using a pressure gauge. The
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cross-flow velocity was adjusted with a needle valve. Both digital pressure and

flux readings were recorded with a computer data logging system.

Digital flowmeter

Permeate ' F I

Membrane cell

Water chiller

:

Needle valve

Flowmeter PRV
Co 5T

Concentrate

‘ By-pass —

Feed tank

-

Data logging system
Pump

Figure 3-2. Schematic diagram of the NF/RO filtration system. PRV: pressure
relief valve, P: pressure gauge.

3.4.2 Water permeability and sodium rejection test

Prior to the permeability and rejection (performance) tests, virgin
membranes (soaked in MilliQ water for 24 h) and freshly chlorine-treated
membranes were rinsed thoroughly with MilliQ water. The feed solution
containing 10 mM NaCl in MilliQ water was circulated in the system at about 21 +
1 °C and pH ~ 6.5. For all performance tests (including the PEG rejection in
Section 3.4.3 and boron and arsenic rejection in Section 3.4.4), the cross-flow
velocity of the system was set at 1 L/min; corresponding to a superficial velocity of
22.6 cm/s. Operating pressures for the NF90, BW30 and NF270 membranes were
set at 0.69, 1.79 and 0.48 MPa (~ 100, 260 and 70 psi), respectively, to obtain
similar water fluxes (at around 1.4 to 1.7 x 10™ m/s) for the virgin membranes. The
reported water permeability and NaCl rejection were recorded after 24 h of
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membrane compaction. The permeate flux, J, was determined by a gravimetric
method. The salt rejection was calculated from the permeate and tank conductivity
measured using a Ultrameter 11 conductivity meter (Myron L Company, Carlsbad,

CA, USA). At least two separate runs were performed for each treatment.

3.4.3 PEG rejection

After 24 h of membrane compaction described in Section 3.4.2, the system
was flushed with MilliQ water for 5 min and the feed was switched to one of three
PEG solutions with average molecular weights of 200, 400 and 600 g/mol, each
with a concentration of 5.5 g/L. For each PEG feed, 10 mL of PEG samples of both
permeate and feed were taken after 10 min filtration. After each PEG run, the
system was flushed with fresh MilliQ water for 15 min to clean the setup. At least

1 replicate was made for each test condition.

PEG concentrations were determined by gel permeation chromatography
(GPC) performed on a Varian Inc. PL-GPC 50 Plus system (Santa Clara, CA,
USA) with a refractive index detector. The system used PL Aquagel-OH 20 GPC
column (Varian Inc.) with a packing material of 5 um diameter, MilliQ water as
the solvent and was set at 30 °C. Details for the calibration curves are provided in
Appendix A-1.

3.4.4 Boron and arsenic (V) rejection

After 24 h of membrane compaction described in Section 3.4.2, boric acid
and disodium hydrogen arsenate heptahydrate were added to achieve a feed
concentration of 20 mg B/L and 150 mg As/L. Concentrated HCIl and NaOH were
used to adjust the feed pH to 7. The reported rejection was determined after
treating boron and arsenate solutions continuously for 24 h. The boron
concentration was determined using a Perkin Elmer Optima 2000 inductively
coupled plasma — optical emission spectrometer (ICP-OES) (Zaventem, Belgium).
The arsenic concentration was analyzed by Agilent 7700 inductively coupled

plasma — mass spectrometer (ICP-MS) (Tokyo, Japan).
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Degradation of Polyamide Nanofiltration and Reverse

Osmosis Membranes by Hypochlorite

4.1 Introduction

Polyamide-based thin film composite (TFC) membranes are the most
widely used reverse osmosis and nanofiltration membranes today, mainly because
of their high selectivity and water permeability (Lee et al., 2010). The basic types
of membrane structures and chemistries are illustrated in Figure 4-1. The fully-
aromatic (FA) polyamide (PA) membrane is formed by interfacial polymerization
of m-phenylene diamine and trimesoyl chloride (TMC) to obtain a three-
dimensionally cross-linked rejection layer, where the degree of cross-linking, n,
ranges from O (fully linear) to 1 (fully cross-linked) (Tang et al., 2007). The semi-
aromatic PA membrane is similarly synthesized by piperazine (PIP) and TMC.
Additional surface coating with polyvinyl alcohol (PVA) is used for some
commercial membranes to improve the membrane fouling resistance (Tang et al.,
2007; 2009a).

A drawback of PA membranes is that they are degraded by chlorine, which
is commonly added in form of sodium hypochlorite as a disinfectant to control
biofouling or as a membrane cleaning agent (Glater et al., 1994). Addressing the
need for chlorine resistant membranes requires a mechanistic understanding of the
interactions between chlorine and the PA rejection layer of the membrane and how
these effects impact membrane performance. A critical review of prior studies was
reported by Glater et al. (1994). The mechanisms that have been identified to
explain the properties and performance changes of chlorinated polyamide
membranes are summarized in Figure 2-7. Chlorination of the amide nitrogen

occurs when active chlorine species (i.e., hypochlorous acid) attack the lone
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electron pair of either the N or O atom of the amide group and rearrange to the N-
chloroamide (Challis and Challis, 1970; Glater et al., 1994; Jensen et al., 1999;
Kwon et al., 2008). A direct ring chlorination mechanism has also been proposed:
the aromatic ring of m-phenylene diamine is attacked by active (electrophilic)
chlorine species and substitution occurs preferentially at the para position (Shafer,
1970; Glater and Zachariah, 1985). Indirect ring chlorination (termed Orton
rearrangement) can be initiated by rapid N-chlorination followed by an intra-
molecular rearrangement in which chlorine migrates to the ring (Orton and Jones,
1909; Orton et al., 1928; Kawaguchi and Tamura, 1984a). Most previous studies
have focused on the incorporation of chlorine into the membrane matrix, but
systematic studies on oxygen composition changes and the role of chlorine in
promoting amide hydrolysis as a significant competing degradation reaction are
not reported (Glater et al., 1994).

Without surface With surface coating, — — -
coating PVA: {CH, - HCOHj}, 0 OH Hi [0 OH
I C N HC ‘N Hyv
| A
% c:0 COOH
PA Active Layer NH
L S Jnl Ji-n

O
:

_Q 0 /—\_ ?
$C -] N+t
PS Support Layer BIp: \Q/c N Q/c
c:0
2

C|H3 (l? COOH
0 C 0 S
@ | O Ou . n il
CHs 0

Figure 4-1. Schematic diagram of basic membrane structures and chemistries.
Diagram is not to scale.

The effects of chlorination on membrane performance have been reported
in the literature but findings appear to be inconsistent. The decline in water flux
after membrane chlorination (Glater et al., 1981; Glater et al., 1983; Koo et al.,
1986; Soice et al., 2004; Kwon and Leckie, 2006b; Kwon et al., 2006; Simon et al.,
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2009; Ettori et al.,, 2011) has been attributed to an increase in membrane
hydrophobicity caused by chlorine attachment (Koo et al., 1986), “membrane
tightening” (Glater et al., 1981; Glater et al., 1983), or a more rigid polymer
conformation (Avlonitis et al., 1992; Soice et al., 2004; Kwon and Leckie, 2006a;
b). In contrast, a brief exposure to chlorine at high pH is used to treat PA RO
membranes after fabrication to improve performance (Cadotte, 1981; Jons et al.,
1999). The observed increase in flux is usually accompanied by a decrease in salt
rejection (Glater et al., 1981; Glater et al., 1983; Koo et al., 1986; Soice et al.,
2004; Kwon and Leckie, 2006b; Kwon et al., 2006; Simon et al., 2009; Raval et
al., 2010; Ettori et al., 2011) and proposed to be the result of polyamide chain
cleavage (Glater et al., 1981; Glater et al., 1983; Koo et al., 1986), or physical
separation of the PA rejection layer from its polysulfone support (Soice et al.,
2004). Meanwhile, better salt rejection of chlorine-treated membranes has been
attributed to the result of membrane tightening (Glater et al., 1981; Glater et al.,
1983), or enhanced PA chain cross-linking due to the formation of azo-compounds
or quinone-like species (Soice et al., 2003; Soice et al., 2004). Opposite trends are
observed in membrane surface charges and wettability as well. The membrane zeta
potential is observed to generally become more negative after chlorination (Kwon
and Leckie, 2006a; Simon et al., 2009). This change in surface charge does not
seem to be adequately explained by ring chlorination or the Orton rearrangement
mechanism. The hydrophobicity of chlorinated membranes is reported to both
increase and decrease depending on the chlorine concentration, soaking pH and
duration (Kwon and Leckie, 2006a; Simon et al., 2009). To explain these
observations by a single mechanism is difficult. Therefore, further studies and
possibly additional mechanisms are required to obtain insight into the membrane

degradation process by chlorination.

This paper presents evidence that chlorine treatment leads to the uptake of
chlorine and oxygen by PA membranes. Changes in the membrane surface and
bulk chemistry as well as surface charge and wettability are interpreted to infer that
subsequent reactions with hypochlorite appear to hydrolyze the amide C-N bond
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of the PA layer. These results show that chlorine treatment can significantly

modify the membrane properties.

4.2 Materials and methods

4.2.1 Chemicals and materials

The commercial thin film composite cross-linked PA membranes
investigated in the current study include three RO membranes (SW30HR, BW30,
and XLE) and three nanofiltration membranes (NF90, NF270, and HL). According
to our previous characterization work (Tang et al., 2007; 2009a), the NF270 and
HL membranes have the semi-aromatic PIP PA chemistry; the other four
membranes are of the FA PA chemistry. In addition, the FA PA membranes
SW30HR and BW30 are coated with a polyvinyl alcohol (PVA) surface coating.
The physiochemical properties of these membranes are given in Table 3-1. The
membranes were provided by Dow/FilmTec (Minneapolis, MN, USA), except the
HL, which was from GE Osmonics (Minnetonka, MN, USA).

Sodium hypochlorite (~ 10% NaOCI, reagent grade) was obtained from
Sigma Aldrich (St. Louis, MO, USA). Exact concentrations for the soaking
solutions were determined by a standard titration method using sodium thiosulfate
(Eaton et al., 1995). All other reagents and chemicals were of analytical grade with
a purity over 99%. MilliQ water (Millipore, Billerica, MA, USA) was used in all

preparations and experiments.

4.2.2 Membrane chlorination procedures

Membrane coupons, which were preserved as received at 4 °C, were
cleaned and soaked in MilliQ water for 24 hours before the chlorination
experiments. The membranes were pre-soaked in NaOCI solutions at the same
testing conditions for 1 min to remove excess water on the surface before being
soaked in NaOCI solutions with concentrations of 10, 100, 1000 and 2000 ppm for

either 1 or 24 h to accelerate the laboratory degradation process (Kwon and Leckie,
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2006b; Simon et al., 2009; Ettori et al., 2011). Since acidification is typically
performed in NF/RO plants for scaling control (Bartels and Wilf, 2005), soaking
solutions were adjusted to pH 5 by the addition of HCI or NaOH so that HOCI was
the main species (Ettori et al., 2011). Samples were contained in sealed 0.5 L
Wheaton glass bottles with PTFE-lined caps, covered with aluminum foil (to
protect the chlorine from sunlight degradation), and constantly mixed on a shaker
at room temperature (~ 21 °C). After the exposure tests, the average chlorine
depletion of the soaking solutions was less than 10%, which was within the

magnitude reported in the literature (Ettori et al., 2011).

After soaking, the samples were thoroughly rinsed with MilliQ water. For
XPS, FTIR and contact angle measurements, the membranes were vacuum dried,
whereas the zeta potential measurements were performed on wet samples

immediately after chlorination.

4.2.3 X-ray Photoelectron Spectroscopy (XPS)

To obtain information about the composition and bonding chemistry for the
surface layer (top 1 to 5 nm of the sample thickness), XPS analysis was carried out
on a Kratos AXIS Ultra spectrometer (Shimadzu, Columbia, MD, USA) with a
monochromatic aluminum Ko X-ray source at 1486.7 eV. To compensate for
membrane surface charging, the electron flood gun was operated at 3.6 eV. Survey
spectra were recorded 3 times per sample, over the range of 0 — 1000 eV at 1 eV
resolution. The high-resolution spectra had a resolution of 0.1 eV. Calibration for
the elemental binding energy was done based on a carbon 1s reference at 285 eV
(Beamson and Briggs, 1992). Data were processed using standard software with
Shirley background and relative sensitivity factors (RSF) of 0.78, 0.477, 0.278 and
0.891 for the O 1s, N 1s, C 1s and Cl 2p peaks, respectively. From 2 to 5 replicate
analyses were done at each chlorination condition for the NF90, BW30 and NF270

membranes.
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4.2.4 Attenuated total reflection-Fourier transform infrared (ATR-FTIR)

Bonding chemistry of the chlorinated membranes was obtained using an
FTIR (IRPrestige-21, Shimadzu, Columbia, MD, USA) with a 45° multi-reflection
HATR ZnSe flat plate crystal (PIKE Technologies, Madison, WI, USA) as the
ATR element. Each spectrum was averaged for 50 scans over the range of 650 —
4000 cm™ at a resolution of 2 cm™. Baselines were corrected for atmospheric CO,

and water vapor. One replicate was done for each sample.

4.25 Zeta potential and contact angle measurement

The membrane surface charge was measured using a SurPASS
electrokinetic analyzer (Anton Paar GmbH, Graz, Austria) with an adjustable gap
cell using 10mM NacCl as the electrolyte solution. The cell channel height was
adjusted to ~ 110 + 5 um. The solution pH was automatically titrated from 3 to 9
using 0.1M HCI and NaOH. The zeta potential was calculated from the streaming

potential using the Fairbrother—Mastin formula (Elimelech et al., 1994).

Contact angle measurements were performed with an OCA Goniometer
(Dataphysics Instruments, Filderstadt, Germany) by the sessile drop method. A
syringe with a needle diameter of 0.525 mm was used to place a water droplet of
10 pL on the membrane. Tangent lines to both sides of the droplet static image
were generated and averaged using the SCA20 software. The reported contact
angle of each membrane sample was the average of 40 measurements (2
independent membrane coupons and 20 different locations for each sample) with

errors indicated by the standard deviations.

4.2.6 Membrane performance tests

The laboratory-scale NF/RO filtration system consisting of four identical
cross-flow test cells (CF042, Sterlitech, Kent, WA, USA) is illustrated and
described in Figure 3-2. Each cell houses 42 cm? (4.6 cm x 9.2 cm) of active
membrane area. Spacers of 1.2 mm thickness from GE Osmonics (Minnetonka,
MN, USA) were used for all filtration tests.
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Membrane performance tests were conducted for the NF90, BW30 and
NF270 membranes. Prior to each filtration test, virgin membranes (soaked in
MiliQ water for 24 h) and freshly degraded membranes were cleaned thoroughly
with MiliQ water. Feed solution containing 10 mM NacCl at 21 °C and natural pH
(pH ~ 6) was re-circulated through the system for 24 h at a 1 L/min cross-flow
velocity, corresponding to a superficial velocity of 22.6 cm/s. The operating
pressures for NF90, BW30 and NF270 were set at 0.69, 1.79 and 0.48 MPa (~ 100,
260 and 70 psi), respectively, to obtain similar virgin membrane fluxes (around 1.2
to 1.5 m/day). The permeate flux was determined by a gravimetric method. The
salt rejection was calculated from the permeate and tank conductivity measured
using an Ultrameter Il conductivity meter (Myron L Company, Carlsbad, CA,
USA). The equations to determine the water permeability coefficient, A (m/s.Pa)

and the solute permeability coefficient, B (m/s) are provided in Section 2.1.

4.3 Results and discussion

4.3.1 Chlorine and oxygen on membrane surfaces — elemental changes after

chlorination

Six membranes with 3 different chemistries were exposed to 1000 ppm
NaOCI solutions for 1 h at pH 5. In addition, the NF90, BW30 and NF270
membranes were treated at 2000 and 1000 ppm for 24 h. The results from the XPS
survey scan show that the amount of chlorine attached onto the PA surface
decreased in the order: uncoated FA > coated FA > PIP membranes. The
correlations between the chlorine (%) uptake of the surface layer and the nitrogen
atomic percentage are presented in Figure 4-2. The chlorine to nitrogen atomic
ratios (CI/N ratio) of uncoated FA membranes (NF90 and XLE) cluster around the
1:1 ratio line, which suggests that chlorine attaches to the nitrogen of the secondary
amide via the N-chlorination mechanism. The chlorine and nitrogen atomic
percentages of the coated FA membranes were 1:1 at 1000 ppm NaOCl x 1 h;
however, both percentages increased significantly at 1000 and 2000 ppm NaOCI x
24 h. The average surface nitrogen content was ~ 6% at 1000 and 2000 ppm x 24

h, which is higher than the nitrogen content of the virgin BW30 membrane (Tang
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et al., 2007). This is further accompanied with a significant reduction in the oxygen
content (Appendix B-1 and B-2). These observations suggest that the PVA coating
was likely partially detached under the severe chlorination conditions employed. In
addition, elevation of the CI/N ratio from 1 to 1.56 and 2.3 suggests that chlorine
also binds to the PVA coating layer. The observation that the PIP membranes
NF270 and HL had CI/N ratios much less than 1 is consistent with the fact that
tertiary nitrogen is not chlorinated, as reported in the literature (Kawaguchi and
Tamura, 1984a; Jensen et al., 1999; Soice et al., 2003). The absence of amide
protons accounts for the low chlorine incorporation into the PIP membranes
(Kawaguchi and Tamura, 1984a; Glater et al., 1994). Chlorination might still occur
at the non-crosslinked nitrogen atoms, which are sparse. In spite of the small
chlorine uptake, the performance of the chlorinated PIP membranes is reported to
be impaired by chlorine exposure (Simon et al., 2009). This phenomenon requires
a different explanation for the attack of chlorine on the PIP PA structure.
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Figure 4-2. Atomic percent of chlorine and nitrogen of chlorinated uncoated fully
aromatic (NF90 and XLE), PVA coated fully aromatic (SW30HR and BW30) and
uncoated poly(piperazinamide) (HL and NF270) membranes at pH 5; 2000 ppm
x 24 h, 1000 ppm % 24 h and 1000 ppm x 1 h.
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Figure 4-3. Ratio of (a) oxygen to carbon and (b) oxygen to nitrogen as a
function of the atomic percent of bound chlorine for (e) NF270 and (A) NF90
membranes at pH 5 and different chlorination concentrations and durations.
The dotted and dashed lines represent the (a) O/C and (b) O/N ratio for virgin
NF270 and NF90 membranes, respectively. The error bar indicates the
measurement range obtained from 2 to 5 samples.

The XPS results revealed that chlorination increased the O/C ratio on the
uncoated membrane surfaces (Figure 4-3a). This ratio increased from 0.2 (virgin)
to 0.3 (2000 ppm x 24 h) for the NF270 membrane and from 0.15 (virgin) to 0.21
(2000 ppm x 24 h) for the NFO90 membrane. The O/N ratio, which indicates the
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degree of PA cross-linking, was plotted against the chlorine content (Figure 4-3b).
Theoretically, the O/N ratio is 1:1 for a fully cross-linked PA layer (n = 1, Figure
4-1) and is 2:1 for a linear PA layer (n = 0) (Tang et al., 2007). The O/N ratio of
NF90 increased from 1.15 for virgin membrane to 1.44 for the membrane treated
with 2000 ppm for 24 h. The NF270 membrane experienced the same increase in
O/N ratio from 1.24 to 1.69, which means that the chlorine treated membranes
were less cross-linked and that more C—N bonds were broken. The increase of
oxygen content and decrease in the number of C-N bonds are hypothesized to
result from C—N bond hydrolysis, which leads to additional carboxylic acid groups.
Mechanistically, facilitated hydrolysis of the chlorinated C—N bond may be
explained by the polarization of the amide carbon due to chlorine substitution at
the nitrogen, which makes the carbon more susceptible to nucleophilic attack by
hydroxide. Additional evidence for chlorination promoted hydrolysis is presented
in Sections 4.3.2 and 4.3.3.

4.3.2 Changes in membrane chemistry due to chlorination

The high resolution XPS spectra for O, C, N and CI of virgin and
chlorinated (at 2000 ppm x 24 h) NF90 membranes are shown in Figure 4-4.
Changes in chemical bonding at the surface of the PA layer can be understood
through analysis of the shifts in the binding energy (BE) of the deconvoluted peak
spectra. The assignments for deconvoluted peaks are summarized in Table 4-1
(Briggs, 1998; Ariza et al., 2000b; Boussu et al., 2007). Only the chlorine peak
representing covalent bonding (~ 200.7 eV) is discussed. After chlorination, the
second deconvoluted peak of O Is (~ 532.6 eV) corresponding to H--O=C-N,
0O=C-0 bonds was shifted upward by about 0.6 eV; the second deconvoluted C 1s
(~ 286.2 eV) peak, which is assigned to C-O, C—N and C—CI bonds, was shifted
upward by about 0.13 eV. For NF270; an increase in peak intensity was observed
for the second O 1s peak (~ 532.6 eV, Appendix B-3). Although these shifts are
not sufficiently distinctive to deconvolute and assign new peaks, they may indicate
an increase in the number of carboxylic groups due to the chlorine-promoted C—N
bond hydrolysis.
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Figure 4-4. High resolution XPS spectra and deconvoluted peak assignments
of (&) O 1s, C 1s, N 1s for virgin and (b) O 1s, C 1s, N 1s, Cl 2p for chlorinated
NF90 membranes (2000 ppm x 24 h, pH 5). The Cl 2p peak of different
bonding states is deconvoluted into ClI 2p3/2 and Cl 2p1/2. The peak intensity
ratio of Cl 2p3/2 over Cl 2p1/2 is constant (= 2) and the binding energy of the
Cl 2p3/2 peak was used to identify chemical bonding.
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Table 4-1. XPS deconvolution peak assignments.

BE (eV) Peak Assignment

O 1s 531.2 0=C-N, C=0, C-O
532.6 H--0=C-N, 0=C-O
C1s 285.0 C-C,C=C
286.2 C-0, C-N, C-Cl
288.1 0=C-N, C=N, C=0
N 1s 400.0 C-N, C=N, 0=C-N
401.2 “NHs", -NH,R*
Cl2p3/2 197.6 o
Cl2p1/2  199.2
Cl2p3/2  200.7 ol

Cl2pl/2  202.3

Bulk chemistry changes due to chlorination in both the polysulfone and PA
layers were obtained from the FTIR spectra for virgin and chlorinated NF90,
BW30 and NF270 membranes (Figure 4-5). Peak assignments for the FTIR spectra
of these PA membranes were reported in detail elsewhere (Tang et al., 2009a). The
FA amide signature peaks at wave numbers of 1541, 1609 and 1663 cm™
experienced prominent changes in the case of the NF90 and BW30 membranes,
consistent with literature data (Kwon and Leckie, 2006b; Kang et al., 2007; Buch
et al., 2008; Kwon et al., 2008; Ettori et al., 2011). The disappearance of the amide
Il band (1541 cm™) for the N-H in-plane bending and N—C stretching vibration
and aromatic amide peak (1609 cm™) for N-H deformation vibration and C=C ring
stretching vibration (Tang et al., 2009a) strongly suggests that chlorine replaced
the hydrogen of the amide nitrogen via electrophilic substitution in N-chlorination.
This FTIR information is consistent with the CI/N ratio from the XPS results in
Figure 4-2. It was observed that the amide | band (1663 cm™), which represents the
C=0 stretching (major contributor) and C-N stretching and C—C—N deformation
vibrations, was shifted to a higher wave number. Since the C=O stretching of
benzoic acid is at 1680 cm™ (Roeges, 1994; Ettori et al., 2011), it can be
hypothesized that the breakage of hydrogen bonds between the C=0O and N-H
groups (Kwon and Leckie, 2006b; Ettori et al., 2011) and additional carboxyl
groups by hydrolysis have contributed to this shift.
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Figure 4-5. ATR-FTIR spectra for (a) NF90, (b) BW30 and (c) NF270
membranes: virgin and chlorinated at pH 5; 2000 ppm x 24 h, 1000 ppm x 24
h and 1000 ppm x 1 h.

In contrast to the obvious spectra changes for the NF90 and BW30
membranes, there was no noticeable change in the FTIR peaks detected for the
NF270 PIP membrane (Figure 4-5c¢). This result is consistent with the XPS survey
spectra (Figure 4-2) results in which the nitrogen in the tertiary PA of NF270 was
less prone to chlorine attack. Nevertheless, a small amount of chlorine was still
incorporated into the PIP PA layer, which was assumed to be at nitrogen atoms of

non-crosslinked amine groups.

It is also interesting to compare the XPS and FTIR results for the PVA
coated BW30 membrane. Since XPS measures only the top 1-5 nm thickness of a
sample, its signal responds mainly to the coating material and exposed surface PA.
In contrast, ATR-FTIR has a much deeper sample penetration depth and allows
measurement of the PA properties across the entire active layer. Thus, a

comparison between the surface XPS and the ATR-FTIR measurements can reveal



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 4 57

important information on the degree of membrane chlorination across the PA
rejection layer (Tang et al., 2007). Although the XPS results showed less surface
chlorine on the BW30 membrane than on NF90 membrane at short exposure (1000
ppm x 1 h), the FTIR spectra of chlorinated BW30 show a complete disappearance
of the amide Il band (1541 cm™) and the aromatic amide peak (1609 cm™). The
latter suggests that the PVA coating did not protect the FA PA matrix from
chlorine attack under the severe chlorination conditions applied in this study.
Therefore, the lower XPS chlorine signal for the PVA coated membranes (Figure
4-2) was merely a reflection that less PA was exposed at the membrane surface due
to the presence of the coating. Chlorine might have penetrated through the coating
and caused the damage to the PA underneath. No changes in the polysulfone layer
can be observed at a wave band 1145 — 1350 cm™, which is consistent with the
finding of Ettori et al. (2011) that polysulfone was not chemically modified by
chlorination. FTIR spectra from 2700 to 3800 cm™ for the three membranes are
provided in Appendix B-4. For the NF90 and BW30 FA membranes, the
magnitude of the broad peaks centered ~ 3300 cm™, which are assigned to N-H
and/or O—H stretching (Tang et al., 2009a), decreased as the chlorination
conditions became more severe. On the other hand, for the NF270 PIP membrane,
only a slight reduction in the C—H stretching peak at 2970 cm™ was observed
(Tang et al., 2009a).

4.3.3 Changes in membrane surface charge and hydrophilicity

The surface charge of the NFO90 and NF270 membranes before and after
chlorination is presented in Figure 4-6 and that of BW30 membranes is provided in
Appendix B-5. Both the NF90 and NF270 membranes became more negative as
the chlorine concentration increased, which agrees with previous observations
(Kwon, 2005; Simon et al., 2009). It is useful to note that the magnitude of this
negative charge shift within a membrane is not constant; at low pH, the shift
magnitude is relatively large. The iso-electrical point of virgin NF90 is at pH ~ 5.5
and the positive charge at low pH is contributed by the protonated amide group
(Childress and Elimelech, 1996). All chlorinated membranes were negatively
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charged at the lowest measured pH leading to the speculation that due to N-CI
bond formation, the amide nitrogen can no longer form —NH," groups (Simon et
al., 2009). Meanwhile, the negative charge at high pH is associated with
deprotonation of carboxylic acid (Childress and Elimelech, 1996). The more
negative zeta potential at high pH confirms that the number of carboxylic groups
on the surface increased, consistent with the chlorine-promoted hydrolysis

mechanism.

The hydrophobicity of the membranes evaluated by contact angle
measurement is illustrated in Figure 4-7; addition data for other membranes are in
Appendix B-6. A higher value of the contact angle denotes greater difficulty in
wetting the membrane. Despite the measurement uncertainty, some general trends
can be observed. The membrane surfaces became less hydrophilic under severe
chlorination conditions. However, the NF270 and BW30 membranes treated at
1000 ppm for 1 h became more hydrophilic. Both trends in wettability might be
explained by the competing effects of the N-chlorination and hydrolysis processes.
The incorporation of chlorine on the membrane surface can cause an increase in
hydrophobicity and inhibition of membrane wetting. On the other hand, an increase

in carboxylic/ hydroxyl functional groups can increase membrane wetting.
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Figure 4-6. Zeta potential for virgin and chlorinated (a) NF90 and (b) NF270
membranes as a function of pH. The background electrolyte was 10 mM
NaCl. The uncertainty in the zeta potential measurements is estimated to be ~
+/- 5 mV (Figure B-6 and Tang et. al (2006)).
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Figure 4-7. Contact angle (°) for virgin and chlorinated membranes. Error bar
indicates the standard deviations of 40 measurements (2 independent
membrane coupons and 20 different locations for each sample).

4.3.4 Changes in membrane performance

To evaluate the changes in intrinsic membrane properties, the water
permeability coefficient, A (m/s.Pa), and solute permeability coefficient, B (m/s),
for virgin and chlorinated membranes are presented in Figure 4-8. Higher A and B
values indicate that the membrane is more permeable to water or solutes (Mulder,
1996). In the current study, chlorination decreased both the A and B values. The
decrease of A with increasing exposure to chlorine can be explained by the
decrease of membrane wettability due to chlorine incorporation into the
membranes (Koo et al., 1986) in addition to any possible changes in the PA
polymer conformation (Avlonitis et al., 1992; Soice et al., 2004; Kwon and Leckie,
2006a; b). The decrease in water flux of BW30 membranes treated at 1000 ppm for
1 and 24 h despite a slight increase in hydrophilicity can be attributed to membrane
tightening due to formation of azo-compound on the surface (Soice et al., 2004).
The more negative membrane surface charge due to increased carboxylic

functional groups can enhance electrostatic repulsion between the membrane and
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anionic solutes; therefore salt passage through the chlorinated membranes was
reduced (Seidel et al., 2001; Simon et al., 2009) despite the reduced degree of
cross-linking (Figure 4-3b).
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Figure 4-8. Virgin and chlorinated membrane performance: (a) water
permeability coefficient, A (m/s.Pa) and (b) solute permeability coefficient, B
(m/s). The operating pressures for the NF90, BW30 and NF270 membranes
were set at 0.69, 1.79 and 0.48 MPa (~ 100, 260 and 70 psi), respectively.
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4.4 Conclusions

In conclusion, the data presented in this study suggest that the chlorination
of FA PA membranes promotes the hydrolysis of the amide C-N bond. The
simultaneous occurrence of the N-chlorination and C-N hydrolysis leads to
opposing effects. While the incorporation of chlorine into the PA backbone makes
the membrane less hydrophilic and less permeable, the hydrolysis of the C-N bond
has the potential to make the membrane more hydrophilic. This proposed
mechanism could possibly explain the disparate and often contradictory
observations reported in the literature.
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Investigation of NF and RO Membrane Performance

Changes due to Hypochlorite Degradation

5.1 Introduction

Reverse osmosis (RO) and nanofiltration (NF) membranes have been
widely used in desalination and water recycling to meet the increasing demand for
fresh water around the world (Drewes et al., 2003; Lee et al., 2010). The past few
decades have witnessed remarkable improvements in membrane performance —
mainly in the rejection and permeability of PA based TFC membranes (Lee et al.,
2010; Li and Wang, 2010). However, the effects of biocides such as chlorine or
hypochlorite, which are employed to prevent biofouling or as membrane cleaning
agent, on the performance and useful life span of PA TFC membrane are still
poorly understood and remain an on-going area of research (Glater et al., 1994;
Van der Bruggen et al., 2008; Cran et al., 2011; Ettori et al., 2011; Zhai et al.,
2011).

Studies on the response of membrane performance to chlorine contact have
led to divergent observations and explanations. Some studies reported that the flux
and salt rejection of PA membranes increased after treatment with hypochlorite
solutions at high pH (above 9) (Jons et al., 1999; Kwon and Leckie, 2006b; Kang
et al., 2007). In other studies, it was observed that changes in the PA structure and
surface chemistry caused by chlorine treatment lowered membrane flux (Koo et al.,
1986; Soice et al., 2004; Kwon and Leckie, 2006b; Simon et al., 2009; Ettori et al.,
2011; Do et al., 2012a). Mechanistic explanations for these contradictory
observations are inconsistent (Glater et al., 1981; Koo et al., 1986; Soice et al.,

2003). In order to improve membrane resistance to chlorine degradation, a

63
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systematic understanding of membrane chlorination and its consequences on

membrane performance is critically needed.

While data about the influence of membrane chlorination on flux and NaCl
rejection are readily available, studies of the effects of membrane chlorination on
the passage of other solutes through NF and RO membranes are limited.
Investigation on the rejection of trace organic compounds by chlorinated NF and
RO membranes suggested that changes in rejection are the results of a complex
interaction between modified membrane properties and the nature of the solutes at
filtration conditions (Urase and Sato, 2007; Simon et al., 2009). Inorganic
contaminants, such as boron (in form of boric acid and borate ion) and arsenic
(commonly presents as arsenate (V) anion) are also important contaminants of
concern in desalination (Macedonio and Drioli, 2008). Taniguchi et al. (2001)
found a correlation between the rejection of NaCl and boron for the chlorinated
cross-linked fully-aromatic PA UTC-80 membranes (Toray Industries, Japan);
however, no explanation was offered to rationalize their observations. Zhai et al.
(2011) reported that hypochlorite treated PA RO membranes at pH 9 could
experience enhanced boron rejection. However, this study focused on the effects of
hypochlorite concentrations and filtration feed pH on rejection rather than on any
explanation for the rejection mechanism. To the best of our knowledge, there are
no reports in the literature on the effect of chlorine on arsenic rejection and on the
molecular weight cut-off (MWCO) determined by PEG.

The goal of this study was to elucidate the impacts of chlorine exposure on
different rejection mechanisms of RO and NF membranes. Changes in rejection by
size exclusion were investigated by filtration of neutral solutes (PEGs and boron)
while changes in rejection by charge repulsion were studied with NaCl and As(V).
Furthermore, the importance of chlorination-promoted hydrolysis (Do et al.,
2012a) on both major solute (NaCl), PEGs and trace contaminants (boron and
As(V)) will be discussed in detail.
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5.2 Materials and methods

5.2.1 Materials and chemicals
5.2.1.1 Polyamide membranes

Three different commercial PA-TFC membranes from Dow FilmTec
(Minneapolis, MN, USA) were used: NF270, a piperazine (PIP) based semi-
aromatic NF membrane, and NF90 and BW30, two fully-aromatic NF and RO
membranes, respectively (Tang et al., 2009a). The surface of the BW30 membrane
is polyvinyl alcohol (PVA) coated (Tang et al., 2007). All membranes were stored
until used at 4 °C in the dark.

5.2.1.2 Chemicals

Unless specified otherwise, all reagents and chemicals were of analytical
grade with a purity over 99%. Sodium thiosulfate used in the chlorine titration,
sodium hypochlorite (~ 10% NaOCI, reagent grade) used in the membrane
degradation and boric acid used in the filtration tests were purchased from Sigma
Aldrich (St. Louis, MO, USA). Disodium hydrogen arsenate heptahydrate was
obtained from Alfa Aesar (Ward Hill, MA, USA). Poly(ethylene glycol)s - PEGs
standards for the calibration curves were obtained from Varian Inc. (Santa Clara,
CA, USA). The PEGs used for the rejection tests, sodium chloride and
concentrated hydrochloric acid were purchased from Merck (Darmstadt,
Germany). MilliQ water (Millipore, Billerica, MA, USA) was used in all

preparations and experiments.

5.2.2 Membrane degradation protocol

Membrane coupons were treated in NaOCI solutions according to the
protocol described previously (Do et al., 2012a). Briefly, exact total chlorine
concentration of the soaking solution, which is the sum of all active chlorine
species (White, 1986), was determined by titration with a sodium thiosulfate
standard and reported as ppm of equivalent Cl (Eaton et al., 1995). The pH was
adjusted to 5 - a typical set point in plant operation (Bartels and Wilf, 2005) by the



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

66 Chapter 5

addition of concentrated HCI or NaOH not more than 24 h before use. Since the
pKa of hypochlorous acid is ~ 7.5 (Kwon and Leckie, 2006a), the main active
species at this soaking pH 5 is HOCI. Membranes were rinsed and soaked in
MilliQ water for 24 h to remove surface impurities and preservatives before
degradation tests. The coupons were pre-soaked in NaOCI solution at the same
testing conditions for 1 min to remove excess water. The pre-soaked coupons were
immersed in Wheaton bottles containing NaOCI solutions of 10, 100, 1000 and
2000 ppm total CI for 24 h at room temperature (~ 21 °C) to achieve accelerated
laboratory-scale chlorine degradation (Kwon and Leckie, 2006b; Simon et al.,
2009; Ettori et al., 2011). The bottles were constantly shaken and covered with
aluminum foil to prevent photochemical degradation of chlorine and radical

reactions.

5.2.3 Membrane surface analysis

Before the characterization tests, the membrane samples were thoroughly

rinsed with MilliQ water and vacuum dried for at least 48 h.

5.2.3.1 X-ray Photoelectron Spectroscopy (XPS)

Elemental analysis of the membrane surface chemistry was performed
using a Kratos AXIS Ultra XPS spectrometer (Shimadzu, Columbia, MD, USA)
with a monochromatic aluminum Ko X-ray source at 1486.7 eV and a 3.6 eV
electron flood gun to compensate for membrane surface charging. Survey spectra
were averaged from 3 scans per sample, over the range of 0 — 1000 eV at 1 eV
resolution. The elemental binding energy was calibrated with the reference energy
of carbon 1s at 285 eV (Beamson and Briggs, 1992). Relative sensitivity factors
(RSF) 0of 0.78, 0.477, 0.278 and 0.891 were used for the O 1s, N 1s, C 1s and CI 2p
peaks, respectively.
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5.2.3.2 Contact angle

Contact angle, which indicates the wettability of the membrane surface,
was measured using the sessile drop method. Tangent lines to both sides of a 10 uL
MilliQ water droplet were measured by a Dataphysics Instruments OCA
Goniometer (Filderstadt, Germany). The reported contact angle of each membrane
sample was the average of 40 measurements (2 independent membrane coupons
and 20 different locations for each sample) with errors indicated by the standard

deviations.

5.2.4 Evaluation of membrane performance
5.2.4.1 NF/RO filtration system

The custom-assembled high pressure cross-flow filtration system in Figure
3-2 consists of identical rectangular CF042 cells (Delrin Acetal, Sterlitech, Kent,
WA, USA) in a parallel arrangement. The active membrane area was 42 cm? (4.6
cm x 9.2 cm); spacers of 1.2 mm thickness from GE Osmonics (Minnetonka, MN,
USA) were used for all filtration tests. Both permeate and concentrate were re-
circulated back to the feed tank; the temperature of the feed solution was controlled
at 21 + 1 °C by a Polysciene chiller (Niles, IL, USA).

5.2.4.2 Water permeability and sodium rejection

Prior to the permeability and rejection (performance) tests, virgin
membranes (soaked in MilliQ water for 24 h) and chlorine-treated membranes
were cleaned thoroughly with MilliQ water. For all performance tests (including
the PEG rejection tests in Section 5.2.4.3 and boron and arsenic rejection tests in
Section 5.2.4.4), the cross-flow velocity of the system was 22.6 cm/s; operating
pressures for NF90, BW30 and NF270 membranes were set at 0.69, 1.79 and 0.48
MPa (~ 100, 260 and 70 psi), respectively, to obtain similar water fluxes (at around
1.4 to 1.7 x 10™ m/s) for the virgin membranes. A feed solution of 10 mM NaCl in
MilliQ water was circulated in the system at a pH ~ 6.5. The reported water

permeability and NaCl rejection were recorded after 24 h of membrane
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compaction. The permeate flux, J,, was determined by weight. The salt rejection
was calculated from the permeate and tank conductivity measured by an
Ultrameter 1l conductivity meter (Myron L Company, Carlsbad, CA, USA). At

least two separate runs were performed for each treatment.

The water permeability coefficient, A (m/s.Pa), was determined from the
water flux (Jy) measurements and the applied pressure difference (AP) using the

following equations (Mulder, 1996):

J
A 2-3
AP — A ( )

Az =iRgT(Co—Cp) (2-4)

where Az is the osmotic pressure difference across the membrane, i is the
dimensionless van’t Hoff factor, and C, and C, are the bulk and permeate salt

concentrations, respectively.

The apparent solute rejection, R was determined from the solute

concentrations of the permeate, C,, and the feed, Cs, using the following equation:

R=1 <, (2-5)
Cf

A diamond-patterned feed spacer was used together with a relatively high
cross flow velocity (~ 22.6 cm/s) to minimize the effect of concentration

polarization.

5.2.4.3 PEG rejection

After 24 h of membrane compaction, the system was flushed with MilliQ
water for 5 min and the feed was switched to one of three PEG solutions with
average molecular weights of 200, 400 and 600 g/mol, each with a concentration of
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5.5 g/L. For each PEG feed, 10 mL of PEG samples from both the permeate and
feed were taken after a 10 min filtration. After each PEG run, the system was
flushed with fresh MilliQ water for 15 min to clean the setup. At least 1 replicate

was done for each test condition.

PEG concentrations were determined by gel permeation chromatography
(GPC) performed on a Varian Inc. PL-GPC 50 Plus system (Santa Clara, CA,
USA) with a refractive index detector. The system, which was set at 30 °C, used
PL Aquagel-OH 20 GPC column (Varian Inc.) with a packing material of 5 um
diameter and MilliQ water as the solvent.

5.2.4.4 Boron and arsenic (V) rejection

After 24 h of membrane compaction, boric acid and disodium hydrogen
arsenate heptahydrate were added to achieve a feed concentration of 20 mg B/L
and 150 mg As/L. Concentrated HCI and NaOH were used to adjust the feed pH to
7. The boron concentration was determined using a Perkin Elmer Optima 2000
inductively coupled plasma — optical emission spectrometer (ICP-OES)
(Zaventem, Belgium). The arsenic concentration was analyzed using an Agilent
7700 inductively coupled plasma — mass spectrometer (ICP-MS) (Tokyo, Japan).
The reported rejection was determined after treating the boron and arsenate

solutions continuously for 24 h.

5.3 Results and discussion
5.3.1 Membrane surface characterization
5.3.1.1 Surface chlorine composition

In Figure 5-1, the chlorine content on the membrane surface (in atomic
percentages, %Cl) obtained using XPS survey scans is plotted against the chlorine
exposure (for 24 h at pH 5). The measured CI content is mainly contributed by
chlorine covalently bonded to the polyamide (e.g., N-CI bonding); there is

negligible chloride anion absorbed on the membrane surface (Do et al., 2012a).
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Figure 5-1. Surface chlorine atomic percent of NF90, BW30 and NF270
membranes exposed to different chlorine concentrations for 24 h at pH 5.

Generally, the results show an increase in the chlorine content with
increasing exposure with some exceptions. For the NF90 membrane, the chlorine
contents after exposure to 1000 and 2000 ppm were near identical, 9.92% and
10.11%, respectively, indicating a saturation point between 100 and 1000 ppm for
the chlorine uptake of the uncoated aromatic PA membranes (Soice et al., 2003;
Kwon et al., 2008). Compared to NF90, the chlorine uptake of the BW30
membranes after exposure to 10 and 100 ppm for 24 h was lower, which is
attributed to their PVA surface coating layers. However, when treated with 1000
and 2000 ppm chlorine, the CI contents of the BW30 membranes (9.86% and
12.76%, respectively) were equal to and higher than those of the NF90 membranes,
indicating that the PVA coating does not protect the BW30 membranes effectively
against attack by high chlorine concentrations (Do et al., 2012a). The chlorine
uptake by the piperazine-based NF270 membrane increased nearly proportional to

the exposure but was always lower than that by the fully-aromatic membranes.
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This suggests that the tertiary nitrogen in the semi-aromatic PA does not readily
react with chlorine (Jensen et al., 1999; Soice et al., 2003).

The degree of membrane degradation can be evaluated by the atomic O/N
ratio, which is an indicator of cross-linking in the PA layer (Tang et al., 2007;
Coronell et al., 2008). According to Tang et al. (2007), the O/N ratio is 1.0 for
100% cross-linking when all O and N form amide groups; while a 2.0 ratio
indicates fully linear PA chains with one free carboxyl group for every 2 amide
groups. Calculation of the O/N ratios for the virgin and treated membranes is given
in Table C-1. With increasing chlorine exposure, the O/N ratio increased,
indicating that the cross-linkages decreased, which may be attributed to induced
membrane hydrolysis due to hypochlorite attack of the amide nitrogen. Loss of
cross-linking of the PA rejection layer may lead to the shortening of the membrane
life span.

5.3.1.2 Membrane wettability

The wettability of a membrane is assessed by contact angle measurement,
whereby a lower contact angle indicates that the surface is more hydrophilic or
more polar. The contact angles of all membranes in Figure 5-2 decreased after 10
ppm chlorination, indicating an increased surface wettability. In contrast, exposure
to 1000 and 2000 ppm chlorine treatment increased the contact angles, indicating
that the membrane surfaces became more hydrophobic and less wettable than the
virgin membranes. The different effects of chlorination on wettability are
suggested to be the result of two competing processes: chlorination and hydrolysis
of the amide groups. A higher contact angle or reduced hydrophilicity is caused by
the incorporation of chlorine onto the surface by chlorination (Koo et al., 1986;
Kwon and Leckie, 2006a; Simon et al., 2009). In our previous study (Do et al.,
2012a), it was observed that N-chlorination can promote hydrolysis of the amide
C-N bond to form more hydrophilic carboxyl -COOH groups and thus increased
membrane hydrophilicity.
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Figure 5-2. Contact angles of NF90, BW30 and NF270 membranes exposed to
different chlorine concentrations for 24 h at pH 5.

5.3.2 Membrane performance
5.3.2.1 Water permeability

The effect of membrane chlorination on the water permeability of NF9O0,
BW30 and NF270 membranes is shown in Figure 5-3. The permeability decreased
steadily in all cases. For severe degradation conditions (1000 and 2000 ppm),
significant permeability decline can be the result of increased hydrophobicity
(Figure 3), which made the membrane surface more difficult to be wetted (Koo et
al., 1986). Meanwhile, mildly chlorinated membranes (at 10 and 100 ppm) can
experience tightening effects, resulting from the formation of additional linkages
via azo-compounds on the surface due to chlorination, thereby causing the
membrane to be less permeable (Soice et al., 2003; Soice et al., 2004).
Alternatively, Kwon et al., suggested that the loss of hydrogen bonds between the
amidic hydrogen and the carbonyl groups in the polymer chains due to chlorination
can lead to chain compaction and restricted water passage (Kwon and Leckie,
2006b; Kwon et al., 2006).
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Figure 5-3. Water permeability of NF90, BW30 and NF270 membranes after
24 h filtration. Membranes were exposed to different chlorine concentrations
for 24 h at pH 5. Operating pressures for NF90, BW30 and NF270 membranes
were set at 0.69, 1.79 and 0.48 MPa (~ 100, 260 and 70 psi).

5.3.2.2 PEG rejection

In order to investigate the impact of chlorination on rejection by size
exclusion, PEGs of 3 different molecular weights (200, 400 and 600 Da) were
employed in filtration tests. These organic compounds are widely used to
determine the MWCO of membranes since they are neutral and non-polar and their
rejections are solely by the size exclusion mechanism (Schéfer et al., 2005; Lopez-
Mufioz et al., 2009). Rejection of PEGs by virgin and chlorinated NF90
membranes is plotted against the molecular weights of the PEGs in Figure 5-4; the
results for BW30 and NF270 membranes are presented in Appendix C-2. The
MWCO (corresponding to a 90% PEG rejection) for the virgin NFO0 membrane
was ~ 200 Da and is within the range reported in literature (Lopez-Mufioz et al.,
2009). At mild chlorination conditions (10 and 100 ppm), enhancement in the
rejection of NF90 membranes (e.g., 95% compared to 89% PEG 200 rejection of
virgin membrane) can be attributed to tightening effects (Section 5.3.2.1). The
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PEG 200 rejection of severely degraded NF90 membranes (1000 and 2000 ppm)
declined to 78% and 60%, respectively. In the case of 1000 and 2000 ppm chlorine
exposure, the MWCO of the chlorinated NFO0 membrane increased to ~ 400 and
600 Da, respectively, perhaps due to polymer chain degradation and the creation of
a more open polyamide structure in the rejection layer. This result is consistent
with the increased O/N elemental ratio from our XPS analysis (and thus reduced
polyamide cross-linking degree, see Section 5.3.1.1), which suggests that the
membrane structure was damaged as a result of C—N bond cleavage due to
chlorination promoted hydrolysis (Do et al., 2012a). Similar changes were
observed in case of the BW30 and NF270 membranes.
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Figure 5-4. PEG rejection of virgin and chlorinated NF90 membranes.
Membranes were exposed to 10, 100, 1000 and 2000 ppm of chlorine for 24 h
at pH 5. Error bars represent the range of duplicate measurements.

5.3.2.3 NaCl rejection

In our previous study, chlorination promoted hydrolysis of the C-N bond
incorporates more —COOH groups on the membrane surface and therefore lowers

the surface charge of the membranes (Do et al., 2012a). More negative surface
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charges improved rejection of NaCl by charge repulsion in all the membranes, as
indicated in Figure 5-5. This is in contrast to the PEG rejection (Section 5.3.2.2),
which decreased with increasing chlorine exposure. The enhanced surface
negativity, together with the tightening effect, increased rejection of mildly
chlorinated NF90 membranes at 10 and 100 ppm to 98.0% and 98.4% compared to
85.3% for the virgin membrane. Highly chlorinated NFO0 membranes (1000 and
2000 ppm) rejected NaCl by 93% and 90%, respectively, significantly better than
the virgin membrane but not as high as the mildly chlorinated ones. Apparently,
the highly chlorinated membranes did not benefit from the tightening effect. In
addition, the PEG rejection results revealed an increased MWCO of the chlorinated
membrane (Figure 5-4). Therefore, the better rejection is the result of the enhanced
negative charged surface. A comparison of the NaCl rejection at mild chlorination
condition (10 and 100 ppm) and that at severe chlorination conditions (1000 and
2000 ppm) confirms that the PA polymer structure was damaged at the more

severe degradation conditions.
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Figure 5-5. NaCl rejection of NF90, BW30 and NF270 membranes after 24 h
filtration. Membranes were exposed to different chlorine concentrations for
24 h at pH 5. Operating pressures for NF90, BW30 and NF270 membranes
were set at 0.69, 1.79 and 0.48 MPa (~ 100, 260 and 70 psi).
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The increased NaCl rejection by the BW30 membrane can be attributed to
the enhanced surface charge. However, the increase is marginal, probably due to
the presence of the neutral PVA coating layer, which still partially covers the PA
rejection layer and moderates the enhanced charge effect. For the loose NF270
membrane, enhanced surface negativity contributes significantly to the rejection by
charge repulsion, even at high exposure conditions. The structural damage due to
chlorination could not be observed in the case of NaCl filtration as clearly as in the
case of the PEGs filtration in Section 5.3.2.2.

5.3.2.4 Arsenic (V) and boron rejection of NF90

Rejection tests of the arsenic (V) anion and boron were performed for
virgin and chlorinated NF90 membranes to assess whether the effects of membrane
chlorination on trace inorganic contaminant rejection could be correlated with the
changes in charge repulsion and size exclusion caused by chlorination observed in
Sections 5.3.2.2 and 5.3.2.3. Arsenic acid has a pKy of 2.2 and pK,, of 7.8
(Macedonio and Drioli, 2008), and boric acid has pK, value of 9.25 (Koseoglu et
al., 2008). At a filtration pH 7, As(V) exists as an anion and is hypothesized to be
rejected by charge repulsion effect in addition to size exclusion, while the rejection
mechanism for uncharged boron is hypothesized to be by size exclusion. Rejection
data obtained after 24 h filtration are presented in Figure 5-6. Data show that boron
rejection has similar characteristics to the PEG rejection of chlorinated NF90
membrane — it increased at low chlorine exposure (10 ppm) but was reduced at
severe exposure (1000 and 2000 ppm). The severely compromised boron rejection
at 2000 ppm chlorine exposure can be attributed to the increased MWCO of the
membrane as a result of chlorination induced hydrolysis (Section 5.3.2.2). The
rejection of As(V) shares a similar pattern with NaCl rejection, which stayed
relatively high in spite of the increased MWCO, and therefore may be interpreted
as the effect of enhanced charge repulsion. The slight reduction of As rejection at
2000 ppm chlorine exposure may be attributed to the loss of PA cross-linking due
to hydrolysis of the C—N bonds.
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Figure 5-6. Rejection of arsenic (V) and boron of virgin and chlorinated NF90
membranes after 24 h filtration. Chlorinated membranes were exposed to 10,
100, 1000 and 2000 ppm of chlorine for 24 h at pH 5. Error bars represent the
range of duplicate measurements.

The results obtained from the current study have major implications in
understanding solute rejection by chlorinated membranes. Shifts in membrane
rejection are caused by competing mechanisms (tightening effect, charge repulsion,
and chlorination induced hydrolysis). Neutral solutes seem to be more adversely
affected under severe chlorination due to 1) membrane hydrolysis (which
counteracts the size exclusion effect) and 2) the lack of electrostatic repulsion.
While NaCl is typically used as a standard test solute for membrane rejection,
enhanced NaCl rejection can benefit from charge interaction but does not
necessarily suggest improved rejection of other (neutral) trace contaminants, many
of which may be of environmental and health concerns. Future research will
further explore the role of such competing effects on the rejection of trace organic

contaminants.
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5.4 Conclusions

Chlorination and chlorination promoted hydrolysis of PA membranes
change the physiochemical properties and the chemical structure of the active
layer. The type and extent of these changes depend on the chlorine concentration.
Importantly, this study suggests that mild chlorination can improve membrane
rejection. Analysis of the rejection behavior of charged (NaCl, arsenate (V)) and
neutral (boron and PEG) solutes revealed the type of changes caused by
chlorination. The data confirmed that neutral solutes are rejected by the size
exclusion mechanism while charged species are predominantly rejected by charge
repulsion. Membranes chlorinated under mild conditions (100 ppm and below)
showed lower flux but better rejection than virgin ones (due to the tightening effect
and a slightly enhanced surface charge). The performance of highly chlorinated
membranes (1000 ppm and above) was consistent with the previously observed
competing effects of chlorination and hydrolysis (Do et al., 2012a). Incorporation
of ClI created more hydrophobic surfaces causing the flux to decrease. On the other
hand, chlorination promoted hydrolysis introduced more negative carboxyl groups
on the membrane surface and improved the rejection of charged solutes. However,
it also cleaved the amide bonds and caused polyamide depolymerization, which

increased the membrane permeability for neutral species.
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Effects of Chlorine Exposure Conditions on
Physiochemical Properties and Performance of a

Polyamide Membrane — Mechanisms and Implications

6.1 Introduction

Over the past few decades, reverse osmosis (RO) and nanofiltration (NF)
membrane technologies are increasingly used for water and wastewater treatment
and seawater desalination. The most widely employed membrane types are thin
film composites (TFC) based on aromatic polyamide (PA) chemistries, which
provide excellent selectivity (Lee et al., 2010; Li and Wang, 2010). However, the
performance of the PA layer is known to degrade during contact with oxidizing
agents that are used for biofouling control and water disinfection, such as aqueous
chlorine (Glater et al., 1994). It has been reported that exposure to chlorine can
cause flux to decline (Glater et al., 1981; Koo et al., 1986; Soice et al., 2003; Kwon
and Leckie, 2006b; Kwon et al., 2006; Kang et al., 2007; Simon et al., 2009; Ettori
et al., 2011; Do et al., 2012a; b) and either increase (Kwon and Leckie, 2006b;
Kwon et al., 2006; Simon et al., 2009; Do et al., 2012a; b) or decrease (Glater et
al., 1981; Koo et al., 1986; Soice et al., 2003; Kwon and Leckie, 2006b; Kwon et
al., 2006; Kang et al., 2007; Simon et al., 2009; Ettori et al., 2011) the salt
rejection. Nonetheless, certain chlorine exposure conditions can improve the flux
and salt rejection of PA membranes, and are employed as post-treatment in
membrane manufacture (Glater et al., 1981; Jons et al., 1999; Kwon and Leckie,
2006b; Kwon et al., 2006; Kang et al., 2007; Zhai et al., 2011). Different
mechanisms for chlorine to attack the PA layer of the membrane have been
proposed. Active chlorine species having a partial positive charge can bind with

the lone electron pair of the amide nitrogen to form N-chloroamide (Challis and

79
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Challis, 1970; Glater et al., 1994; Jensen et al., 1999; Kwon et al., 2008; Do et al.,
2012a). The other mechanism suggests that chlorine can attach to the amide
aromatic ring via direct electrophilic substitution (Shafer, 1970; Glater and
Zachariah, 1985) or via inter-molecular rearrangement from N-chloroamide (Orton
and Jones, 1909; Orton et al., 1928; Kawaguchi and Tamura, 1984a).

The pH of chlorine exposure was reported to affect the extent to which PA
membranes are degraded by chlorination (Lowell et al., 1987; Soice et al., 2003;
Ettori et al., 2011). Studies have shown that chlorine is more reactive with PA at
low pH, at which HOCI is the dominating active chlorine species (Lowell et al.,
1987; Soice et al., 2003). Using simple model compounds, Soice et al. (2003;
2004) reported that OCI” may not react directly with amide and aromatic rings and
suggested that a different unknown degradation mechanism occurs at pH 9 and
above. In our previous study, we proposed that N-chlorination can promote
hydrolysis and cleavage of the amide C-N bonds even at low pH (pH 5) causing
loss of membrane performance (Do et al., 2012a; b). It can be predicted that high
pH favors hydrolysis due to the abundant availability of hydroxyl groups; however,
detailed studies to address this issue have not been carried out yet. The competing
effects of chlorine induced hydrolysis and N-chlorination could possibly explain
the disparate and often contradictory observations on membrane performance

changes reported in the literature.

Although the water permeability and NaCl rejection of chlorinated
membranes are well documented, studies that investigated the influence of
membrane chlorination on the rejection of other trace organic and inorganic
compounds appear to be lacking. The passage of inorganic compounds such as
boron and arsenic through membranes affected by chlorine is an important issue
because these contaminants are of great concern in desalination operations
(Macedonio and Drioli, 2008). Urase and Sato (2007) and Simon et al. (2009)
investigated the rejection of trace organic compounds by chlorinated NF and RO
membranes and reported that changes in rejection are the result of complex

interaction between modified membrane properties and the nature of the solutes at
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filtration conditions. Meanwhile, studies on boron rejection of chlorinated
membranes by Taniguchi et al. (2001) and Zhai et al. (2011) focused on the
correlation between the rejection of NaCl and boron and the effects of feed pH and
hypochlorite concentrations on rejection rather than on explaining the rejection

mechanism.

The complex impact of chlorine exposure on PA membranes and
contradictory explanations prompted us to systematically investigate the
chlorination effects on compound rejection as well as major chlorination
mechanisms. For the first time, the competing effects of chlorine concentration and
pH on chlorination promoted hydrolysis and N-chlorination mechanisms are
reported. Their effects on membrane physiochemical and separation properties are
systematically analyzed. In addition, the rejection of contaminants of significant
environmental and health concern (boric acid, H3BO3; and arsenic (V) anion,
H,AsO,) was evaluated to highlight the different mechanisms involved in changes

in solute rejection upon chlorine exposure.

6.2 Materials and methods

6.2.1 Materials and chemicals

The NF90 nanofiltration membrane used in the current study is a
commercial TFC membrane from Dow FilmTec (Minneapolis, MN, USA). The
polyamide rejection layer of this membrane is formed by interfacial polymerization
of m-phenylene diamine and trimesoyl chloride (Tang et al., 2009a; b). The

membrane was stored at 4 °C in the dark until used.

Unless specified otherwise, all chemicals were of analytical grade with a
purity over 99%. Sodium hypochlorite (~ 10% NaOCI, reagent grade), sodium
thiosulfate and boric acid were purchased from Sigma Aldrich (St. Louis, MO,
USA). Disodium hydrogen arsenate heptahydrate was obtained from Alfa Aesar
(Ward Hill, MA, USA). Calcium chloride dihydrate used in the reaction with the
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membrane functional groups was purchased from Merck (Darmstadt, Germany).
MilliQ water (Millipore, Billerica, MA, USA) was used in all preparations and

experiments.

6.2.2 Membrane chlorination procedures

The membranes were chlorinated in NaOCI solutions following the
previously described protocol (Do et al., 2012a; b). The total chlorine
concentration — Cly, which is defined as the sum of all active chlorine species
(White, 1986), was determined from iodometric titration with sodium thiosulfate
(Eaton et al., 1995) and reported as ppm of equivalent Cl. The solution pH was

prepared at 5, 7 and 9 by adding concentrated HCI or NaOH. The concentrations of

HOCI and OCI species were calculated from the below equations (Benjamin,
2002) with the acidity constant of hypochlorous acid, K, = 2.9 x 10® (Kwon and
Leckie, 2006a; Silberberg, 2006).

oci= L] 2-9)

= 10 (2-10)

Before the chlorination tests, the membrane coupons were rinsed and
soaked in MilliQ water for 24 h to remove surface impurities and preservatives.
The coupons were pre-soaked in NaOCI solutions at the same testing conditions
for 1 min to remove excess water, and then immersed in Wheaton bottles
containing NaOCI solutions of different Cly and pH for predetermined durations.
The bottles were wrapped in aluminum foil to prevent radical reactions and
photochemical degradation of chlorine, and were constantly shaken at room

temperature (~ 21 °C).
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6.2.3 Carboxyl functional groups identification by calcium cations

Virgin membranes were prepared by soaking for 24 h in advance and
freshly chlorinated membranes were thoroughly rinsed to remove any remained
chlorine solution. The membrane coupons were immersed in CaCl, 0.1 mM
solution twice, each time for 10 min. The reaction pH was adjusted to 7 by adding
appropriate amounts of 0.1 M HCI or NaOH. The coupons were then rinsed with a
0.001 mM CaCl; solution at pH 7 for 4 consecutive times (5 min each) to remove
calcium ions that were not bound to the membrane surface (adapted from Coronell
et. al (2008; 2009)). In order to prevent Ca** precipitation due to infusion of
atmospheric carbon dioxide and maintain a stable pH of the solution, the reactions
were performed in 500 mL cylindrical gas-washing bottles, which allowed nitrogen
gas to be continuously purged in order to blanket the solution. The coupons were

dried with nitrogen gas and kept in a vacuum desiccator.

6.2.4 X-ray Photoelectron Spectroscopy (XPS)

The elemental composition of the membrane surface was quantified from
XPS survey spectra obtained using a Kratos AXIS Ultra XPS spectrometer
(Shimadzu, Columbia, MD, USA) at 1 eV resolution. The monochromatic
aluminum Ko X-ray source was set at 1486.7 eV and a 3.6 eV electron flood gun
was used to compensate for surface charging. The relative sensitivity factors (RSF)
for O 1s, N 1s, C 1s, ClI 2p and Ca 2p peaks are 0.78, 0.477, 0.278, 0.891 and
1.833, respectively.

6.2.5 Attenuated total reflection-Fourier transform infrared (ATR-FTIR)

FTIR spectra over the range of 650 — 2000 cm™ were obtained using a
IRPrestige-21 (Shimadzu, Columbia, MD, USA) with a 45° multi-reflection HATR
ZnSe flat plate crystal (PIKE Technologies, Madison, WI, USA) as the ATR
element. Each spectrum was averaged from 50 scans at a resolution of 2 cm™.

Baselines were corrected for atmospheric CO, and water vapor.
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6.2.6 Contact angle measurement

Contact angles between the membrane and the tangent lines to both sides of
a 10 pL MilliQ water droplet were measured using a Dataphysics Instruments
OCA Goniometer (Filderstadt, Germany) via the sessile drop method. The reported
contact angle was the average of 40 measurements (2 independent membrane
coupons and 20 different locations for each sample) with errors indicated by the

standard deviations.

6.2.7 Zeta potential

The membrane surface charge was measured using a SurPASS
electrokinetic analyzer (Anton Paar GmbH, Graz, Austria). An adjustable gap cell
with a channel height of ~ 110 £ 5 um and NaCl electrolyte solution of 10 mM
were used. The zeta potential was calculated from the streaming potential using the
Fairbrother—Mastin formula (Elimelech et al., 1994) over the pH range from 3 to 9,
achieved by auto-titration with 0.1 M HCI and NaOH.

6.2.8 Membrane performance tests

The water permeability and solute rejection of virgin and chlorinated
membranes were evaluated by a laboratory-scale high pressure cross-flow filtration
system consisting of parallel CF042 cross-flow test cells (Sterlitech, Kent, WA,
USA). The details of the setup and filtration protocol were described in Do et al.
(2012a) and are briefly summarized here. Before the tests, coupons (4.6 cm x 9.2
cm) of virgin membranes (soaked in MilliQ water for 24 h) and freshly chlorine-
treated membranes were cleaned thoroughly with MilliQ water. Feed solution of
10 mM NacCl in MilliQ water, pH ~ 6.5 was circulated in the system at a cross-
flow velocity of 1 L/min (corresponding to a superficial velocity of 22.6 cm/s) at a
controlled temperature (21 + 1 °C). The trans-membrane pressure was set at 0.69
MPa (~ 100 psi) to obtain a virgin membrane flux of ~ 1.2 x 10> m/s. The
permeate flux was determined by a gravimetric method and the NaCl rejection was
calculated from the permeate and tank conductivity. The reported water
permeability and NaCl rejection were determined after 24 h of membrane
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compaction (Do et al., 2012a; b). Subsequently, boric acid and disodium hydrogen
arsenate heptahydrate were spiked to achieve a feed concentration of 20 mg B/L
and 150 mg As/L; concentrated HCI and NaOH were used to adjust the feed pH to
7. The reported boron and arsenate rejections were recorded after continuous
filtration for 24 h. The boron concentration was determined using a Perkin Elmer
Optima 2000 inductively coupled plasma — optical emission spectrometer (ICP-
OES) (Zaventem, Belgium). The arsenic concentration was analyzed using an
Agilent 7700 inductively coupled plasma — mass spectrometer (ICP-MS) (Tokyo,
Japan).

6.3 Results and discussion

6.3.1 The roles of chlorination conditions in incorporation of chlorine into

the membrane surface

Many studies and manufacturers have reported chlorine exposure or
tolerance as a product of time and total chlorine concentration — Cly of the
treatment solution (ppm Clyeh), which implies that exposure time and
concentration are equivalent and have a similar effect on membranes. In order to
investigate the relevance of this conventional approach to quantify exposure, NF90
membranes were treated with different chlorine concentrations at pH 5 for different
exposure durations. Figure 6-1 presents the surface chlorine content, %CI (atomic
percent, based on XPS analysis) as a function of “chlorine exposure” (ppm Clyeh)
for total chlorine concentrations of 1, 10, 100 and 1000 ppm. As expected, the
membrane chlorine uptake increased with ppm Clr+h (Soice et al., 2003; Kwon et
al., 2008). However, for each fix concentration, the uptake appears to eventually
reach saturation after adequate exposure, which may be due to stoichiometric
availability of the reactive site (Soice et al., 2003). In addition, at the same ppm
Clyeh exposure, membranes treated with higher Cly appear to achieve a higher
surface %CI. The current study seems to suggest that treatment concentration may
play a more important role in the incorporation of chlorine into the membrane than
exposure duration. Therefore, further chlorination experiments were performed at a

fixed exposure time of 100 h.
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Figure 6-1. Surface chlorine content (atomic % of all surface elements except
hydrogen) of NF90 membranes chlorinated at pH 5, total chlorine
concentrations of 1, 10, 100 and 1000 ppm Cly for different durations. Error
bars represent measurement ranges.

The surface %Cl of the NFO90 membranes that were exposed to different
chlorination solutions for 100 h are presented in Figure 6-2a, where different
treatment regions can be divided with regards to the treatment pH and Clt
indicated by the x and y axes, respectively. The background contours indicate the
iso-concentration lines of [HOCI] (ppm Cl, Eqg. 2-9) in the exposure solutions. The
ranges of HOCI concentrations are given by the color scale. At the same Cly, the
amount of elemental chlorine on the membranes declined as the exposure pH
increased. The available chlorine in the exposure solutions existing in the form of
HOCI is approximately ~ 100% at pH 5, ~ 76% at pH 7 but only ~ 3% at pH 9. The
result seems to indicate that HOCI has more influence than OCI" on the
incorporation of chlorine into the membrane matrix. This agrees with previous
studies on the chlorination of molecular model compounds (Lowell et al., 1987;

Soice et al., 2003) and with the literature that reports that HOCI is a stronger
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electrophilic chlorinating agent than OCI™ (Voudrias and Reinhard, 1988b; Sivey
and Roberts, 2012). To validate this assumption, the surface %CI is plotted against
the HOCI concentrations of the exposure solutions in Figure 6-2b. The plot shows
that the surface chlorine content is positively correlated with the active HOCI
concentration. However, at an HOCI concentration >100 ppm, the surface %CI of
the membranes exposed to pH 5 is higher than those exposed to pH 7 and 9. At pH
5, in addition to the N-chlorination mechanism by HOCI (Jensen et al., 1999;
Kwon et al., 2008; Do et al., 2012a), the formation of trace molecular chlorine
(Cl) may directly attack the aromatic ring (Voudrias and Reinhard, 1988b; Soice
et al., 2003; Sivey and Roberts, 2012). The presence of chloride anion in the

chlorine soaking solution is further discussed in Appendix D-1.

In Figure 6-2a, for the membrane that was exposed to a Cly of 2000 ppm at
pH 9, surface chlorine could not be detected (denoted as N.D.). This condition is

further investigated in Section 6.3.2.
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Figure 6-2. Surface chlorine content (atomic %) of NF90 membranes
chlorinated for 100 h at different total chlorine concentrations and pH. (a)
%CI data at different chlorination conditions, background color contours
represent iso-concentration lines of HOCI. N.D.: not detected. (b) %CI versus
HOCI concentration of the exposure solutions.
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6.3.2 Chlorination promoted membrane hydrolysis and the role of pH

In our previous study, it was suggested that the presence of chlorine species
in the exposure solution can promote the hydrolysis of the amide C—N bonds in the
PA leading to C—N bond cleavage and —-COOH group formation (Do et al., 2012a).
The increased number of —-COOH groups and bond cleavage reduces the cross-
linking degree of the PA layer (Do et al., 2012a), which can be evaluated by the
atomic O/N ratio (Tang et al., 2007; Coronell et al., 2008). The O/N ratio of 1:1
indicates a 100% cross-linking of the PA layer (all O and N form amide groups);
and a 2:1 ratio indicates fully linear PA chains (one free carboxyl group for every
two amide groups) (Tang et al., 2007). Figure 6-3a presents the XPS data for the
OIN ratios for membranes treated at different Cly and pH for 100 h. Within the
experimental accuracy, the O/N ratios at a given pH increased at higher Cl+, which
confirms the promoting effect of chlorine species on PA layer hydrolysis. Since
HOCI plays a dominant role in the incorporation of chlorine into the PA layer (see
Section 6.3.1), the O/N ratio is plotted against the active HOCI concentration for
different exposure pHs (pH 5, 7 and 9) in Figure 6-3b. As expected, an increased
active HOCI concentration resulted in a higher O/N ratio. In addition, membranes
chlorinated at higher pHs (pH 7 and pH 9) had significantly higher O/N ratios than
their counterparts at pH 5. These results suggest that higher pH can readily
promote hydrolysis due to the abundant OH" groups. A plausible explanation for
the dependence of hydrolysis on both chlorine species and OH" is as follows: active
chlorine species (in this case HOCI) attack the electron-rich N atom of a C—N bond
(the N-chlorination mechanism), which weakens the C—N bond as the shared pair
of electrons are drawn to the N atom (McMurry, 2004; Do et al., 2012a). The
resulting positively charged C atom requires a neucleophile (OH" in this case) to
stabilize the atom. As both HOCI and OH" are likely involved in the chlorination
promoted hydrolysis, one may further hypothesize that the degree of hydrolysis is
directly linked to the concentration product of [HOCI] « [OHT] (or equivalently
[OCI], see Appendix D-2). The current study suggests that pH plays two
essentially roles in chlorination promoted hydrolysis by controlling 1) the
speciation of HOCI versus OCI" and 2) the abundance of OH".
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Figure 6-3. O/N ratios of NF90 membranes chlorinated for 100 h at different
total chlorine concentrations and pH: (a) O/N data at different chlorination
conditions, background color contours represent iso-concentration lines of
HOCI. N.D.: not detected; (b) O/N versus HOCI concentration of the exposure
solutions.
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It is important to highlight that after treating the PA layer with 2000 ppm
Cl for 100 h at pH 9, nitrogen and chlorine signals could not be detected on the
membrane surface (denoted as N.D.), suggesting that the PA layer was completely
removed. ATR-FTIR data shown in Figure 6-4 confirm this supposition. The
characteristic peaks for fully aromatic PA, i.e., amide I, aromatic amide and amide
Il at wave numbers of 1663, 1609 and 1541 cm™ (Tang et al., 2009a), respectively,
completely disappeared and only those characteristics of polysulfone remained.
The combination of high Cy and high pH completely hydrolyzed the membrane
and dissolved the normally insoluble polyamide layer, which directly supports the
chlorination promoted hydrolysis mechanism. This experiment also confirmed that

chlorine does not bind to the polysulfone layer (Ettori et al., 2011).

Polysulfone

2000 - pH 9

Absorbance (a.u.)

2000 - pH 5

virgin

2000 1800 1600 1400 1200 1000 800 600
Wave number (cm-)

Figure 6-4. ATR-FTIR spectra for polysulfone, NF90 membranes: virgin and
chlorinated at 2000 ppm CI for 100 h at pH 5 and 9.



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

92 Chapter 6

To further confirm that the increase of oxygen on the membrane is related
to increased carboxylate groups as a result of hydrolysis, the chlorinated
membranes were exposed to CaCl, solutions. As Ca** has a strong tendency to
form a complex with carboxylate groups, the surface concentration of Ca (%Ca)
can be a useful indicator of the surface concentration of -COO" (Jin et al., 2009).
As shown in Table 6-1, the membrane without chlorine exposure did not show
noticeable amount of Ca binding based on XPS measurement, which is likely due
to the relatively low XPS detection limit (~ 0.1 atomic%). In addition, the %Ca
increased as the Cly and pH increased, which is consistent with the more -COOH
groups due to severe membrane hydrolysis under the higher Cly and higher pH.
Nevertheless, the current method is semi-quantitative due to the low XPS detection
limit and the possibility of non-specific binding of Ca** to moieties other than
—COQ'". Future studies may consider the use of Rutherford backscattering
spectroscopy (Coronell et al., 2008; 2009) or uranyl cation binding (Tiraferri and
Elimelech, 2012) for more quantitative information on the creation of -COQO" due

to chlorine promoted hydrolysis.

Table 6-1. Reaction of calcium cations and membrane carboxylic groups.
Surface elemental composition (atomic %) of membranes chlorinated for 100
h. Reaction with Ca®* was performed at pH 7. N.D.: not detected.

[Cly] | Chlorination Surface elemental composition (at%)

(ppm CI) pH O1s C1s N 1s Cl 2p Ca2p

Virgin 13.37 75.68 10.95 - N.D.

100 5 14.8 67.3 10.5 7.5 N.D.
100 7 151 67.5 11.0 6.3 0.1
100 9 16.2 69.1 10.1 4.4 0.3
1000 5 144+1166.0+11| 95+03 [10.1+0.3 N.D.
1000 7 16.3+05|669+09| 9.1+06 | 7.5+04 | 0.3+0.0
1000 9 17.3+0.1|665+03| 96+03 | 59+0.2 | 0.8+0.0
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6.3.3 Changes in surface properties due to chlorination and hydrolysis

Chlorination can modify surface properties and therefore influence
membrane performance. After exposing membranes to different Cly and pH for
100 h, the resulting contact angles were significantly different (Figure 6-5a), with
lower contact angles generally found at higher pHs (pH 7 and pH 9) and lower Cly.
In contrast, the largest contact angles were found at pH 5 and high Cl+ (1000 and
2000 ppm). These trends may be attributed to competing effects of chlorine
incorporation, which decreases hydrophilicity (Koo et al., 1986; Simon et al.,
2009) versus hydrolysis of the C—N bonds, which increases hydrophilicity (Do et
al., 2012a). Increased contact angles, i.e., more hydrophobic surface for exposures
of 1000 and 2000 ppm for 100 h at pH 5 are the result of chlorine incorporation
into the membrane (Koo et al., 1986; Simon et al., 2009). At lower chlorine
contents (%Cl), conversion of C=0 groups to —COO" due to amide bond hydrolysis
can dominate the effect of chlorine incorporation, thus rendering the surface more
hydrophilic (Do et al., 2012a). Figure 6-5b further illustrates these competing
effects: the membranes are most hydrophilic at a low exposure active HOCI
concentration and high pH (more hydrolysis and less surface chlorine) and become
less hydrophilic as the exposed HOCI concentrations increase. It is also worthwhile
to note that severe degradation of polyamide may also expose the polysulfone
support and thus change the contact angle measurement. In current study, the
peeling off polyamide from polysulfone support only happened for 2000 ppm
exposure at pH 9 based on XPS and FTIR measurements.
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Figure 6-5. Contact angles (degree) of NF90 membranes chlorinated for 100 h
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The surface charge of virgin and chlorinated membranes (1000 ppm, 100 h,
pH 5 and 9) were measured with NaCl 10 mM over pH 3 to 9 and provided in
Figure D-2, Appendix D-3. The virgin NFO0 membrane has its iso-electrical point
(IEP) at pH ~ 5.5 and is possitively charged at a pH below the IEP due to the
protonation of amide groups (Childress and Elimelech, 1996). Chlorinated
membranes became negatively charged at a pH below the IEP of the virgin
membrane. These results agreed with previous studies (Kwon and Leckie, 2006a;
Simon et al., 2009; Do et al., 2012a) and support the N-chlorination mechanism,
where chlorine displaces the hydrogen of the amide nitrogen and inhibits the
formation of —NH," groups (Do et al., 2012a). The increased negative charge
density at high pH can be attributed to an increased surface density of —-COO"

groups, consistent with the chlorination promoted hydrolysis mechanism.

6.3.4 Changes in membrane water permeability, rejection of major solutes
(NaCl), and rejection of trace contaminants (B and As(V)) due to chlorination
and hydrolysis

The influence of chlorination and hydrolysis on membrane performance
was appraised by studying the water permeability, the rejection of major solutes
(NaCl), and the rejection of trace contaminants (boric acid and arsenic (V) anion).
The water permeability values and NaCl rejection of membranes chlorinated at
different Cly and pH for 100 h are presented in Figure 6-6. At the same Cly, the
increase of the water permeability as the pH increases can be attributed to
hydrolysis effects, which create a more open PA structure (Figure 6-3) and make
the membrane surface more hydrophilic (Figure 6-5). At pH 9 where the
chlorinated membrane were generally very hydrophilic (contact angle ~ or < 509),
the increased Clt led to increased water permeability as a result of reduced degree
of cross-linking (Figure 6-3). Indeed, the permeability of the membrane
chlorinated at 1000 ppm Cl+ and pH 9 was too large to be quantified in the current
study. In contrast, at pH 5 where the chlorinated membranes were relatively more
hydrophobic, the increased Clr resulted in a reduced water permeability as the
surface became more difficult to wet. Mixed trends were observed at pH 7 (water
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permeability first reduced and then increased with increasing Cly) due to the
competing hydrophobicity and reduced cross-linking effects.

The rejection of the major solute, NaCl, can be understood by considering
both the size exclusion and charge repulsion mechanisms. At low Clt (e.g., 10
ppm) and pH 5, a higher salt rejection (99.6 = 0.4%) compared to the virgin
membrane (87.1 £ 6.3%) can be explained by the tightening effects due the
formation of azo compounds on the membrane surface (Soice et al., 2003; Soice et
al., 2004). Our prior rejection study with poly(ethylene glycol) (PEG) revealed a
reduced molecular weight cutoff for NF90 chlorinated at 10 ppm Cly and pH 5
(PEG 200 Da rejection of 95% for the chlorinated membrane compared to that of
90% for the virgin membrane) (Do et al., 2012b). Another important mechanism is
charge repulsion. Since NaCl is a charged solute, its rejection is affected not only
by the tightness of the membrane rejection layer but also by the membrane surface
charge. Under most treatment conditions, NaCl rejection by chlorinated
membranes is better compared to the virgin membrane partly due to the enhanced
negative surface charge (Appendix D-3). However, at high pH and Cly, where
hydrolysis gets more servere, the enhanced charge repulsion does not compensate
for the opening of the rejection layer. This is shown in the cases of chlorination at
1000 ppm at pH 7 and 9, for which the cross-linking ratios (Figure 6-3) indicate
almost linear PA layers: the rejection of the membrane exposed to pH 7 was only
55.2% compared to 87.1% for the virgin membrane; and the rejection of the
membrane exposed to pH 9 diminished to ~ 0% (denoted as N.P.). The data for the
salt permeability coefficient, B (m/s), which is an intrinsic property of the rejection

layer was provided in Appendix D-4.



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 6 97

o

1000 085+0.75 2411080
)
£
Qo
< =
.5 100 1321001 O
8 g
= &
] 3]
e ]
g 10 171+006 o
Q —
= g
§ -
£L
2 1
S
(o)
-
virgin: 1.72+0.10
0.1
(b)
3
1000
= 2
(@)
3 =
£ 100 s
£
s g
g 10 E
5 >
3 18
[«}]
=
S
: ! 12
Q
s
° A LIRS
= virgin:87.1+6.3 |[ T
0.1 4 : } : : : L
4 5 6 7 8 9 10
pH

Figure 6-6. Performance of NF90 membranes, virgin and chlorinated for 100
h at different total chlorine concentrations and pH: (a) water permeability
values (x 10! m/sePa); and (b) NaCl rejection (%) data at different
chlorination conditions, background color contours represent iso-
concentration lines of HOCI. N.P.: membrane failed to perform.



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

98 Chapter 6

Solutions of arsenic (V) anion, which exists as H,AsO," at feed pH 7 were
filtrated at feed pH 7 to verify the chlorination and hydrolysis effects on the
rejection of charged solutes. The performance of chlorinated membranes in terms
of As(V) rejection in Figure 6-7a follows the patterns for NaCl rejection. The
rejection of As(V) plotted against that of NaCl in Figure D-4a, Appendix D-5
shows a very high correlation coefficient (R* = 0.97).

The rejection of boric acid presented in Figure 6-7b reveals different trends.
Boric acid, H3BOs is neutral at feed pH 7; therefore, its rejection is solely by size
exclusion mechanism and does not benefit from the enhanced surface negativity.
The decreased boron rejection under most treatment conditions reveals that bond
cleavage by hydrolysis results in a more open membrane structure. Significantly, at
1000 ppm, pH 7 or 9, the membrane almost completely lost its boron rejection.
Even at 10 ppm Cl+, boron retention decreases considerably at pH 7 and 9, whereas
the As(V) rejection did not change significantly as pH increases. The exceptional
increase in rejection occurred at a chlorination condition of 10 ppm, pH 5, which
can be attributed to the tightening effects (Soice et al., 2003; Soice et al., 2004) and
the corresponding reduced MWCO (Do et al., 2012b). The poor correlation
between the rejection of uncharged boric acid with that of charged NaCl is
illustrated in Figure D-4b, Appendix D-5.
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6.4 Conclusions

This study demonstrates the concurrence of competing processes of
chlorine exposure: (1) chlorine incorporation into the membrane matrix is largely
governed by the HOCI concentration and it increases at lower pH and higher Cly;
(2) chlorination induced hydrolysis of the polyamide depends on the
concentrations of both HOCI and OH". The degree of polyamide cross-linking can
be greatly reduced at higher pH and higher Cly. Additional mechanisms include
direct ring attack by molecular chlorine species (favored at low pH and high Cly)
and the tightening effects due to the formation of azo-compounds (favored at low
pH and low Cly). The competing effects of these processes result in opposing
trends in terms of physiochemical properties and membrane performance. The
incorporation of chlorine into the membrane matrix results in more hydrophobic
and less water permeable membranes. On the other hand, chlorination promoted
hydrolysis of amide bonds creates additional surface carboxylic groups, enhances
membrane hydrophilicity and surface charge density, and increases the membrane

water permeability.

The current study clearly contrasts the rejection behavior of charged solutes
versus that of neutral compounds by the chlorinated membranes. The size
exclusion mechanism plays a dominant role in the rejection of neutral solutes (e.g.,
boron at pH 7); the rejection value tends to decrease as a result of reduced
polyamide cross-linking upon chlorination. For charged solutes such as NaCl and
As(V), electrostatic interaction also plays an important role in addition to the size
exclusion mechanism. This can lead to a very different rejection behavior for
charged solutes compared to that of neutral solutes for chlorinated membranes. For
example, chlorination promoted hydrolysis increases the membrane surface charge
density and enhances the charge repulsion mechanism, which explains the
increased NaCl rejection under most chlorination conditions (even if the
corresponding boron rejection decreases). Whereas most existing membrane
chlorination studies have focused on NaCl rejection behavior, the design of a
membrane plant can often be governed by the rejection of other contaminants (e.g.,

boron in seawater desalination). Thus, future membrane chlorination studies are
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recommended to include contaminants of environmental and health significance
(e.g., pharmaceutically active compounds and endocrine disruptors for wastewater

reclamation applications by RO).

The current study reveals opportunities for membrane performance
enhancement by using chlorination post-treatment. Improved water permeability
and NaCl rejection can be obtained by carefully optimizing chlorination
conditions. For example, membranes chlorinated at pH 9 and moderate Cl+ (100
ppm) had greatly increased water permeability (2.30 L/m?h) and rejection (93.7%)
compared to the virgin NF90 membrane (1.72 L/m?h and 87.1%). In addition, the
chlorinated membrane surface is more hydrophilic compared to the virgin
membrane, which tends to minimize membrane fouling (Tang et al., 2011). When
the rejection of NaCl is of primary concern relative to other contaminants,
controlled chlorine exposure has considerably potential for improving the

performance of polyamide based RO and NF membranes.
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Conclusions, Contributions and Recommendations

7.1 Conclusions and contributions

This research presents a comprehensive study on the impacts of
chlorination conditions on the mechanisms of polyamide membrane degradation
and membrane structure, properties and performance. Different membrane
chemistries involving fully aromatic and piperazine based polyamides (PA) and the
effects of treatment conditions, including concentrations, pH and durations were
investigated. The changes in elemental composition and bonding chemistry at the
surface of rejection layers after the membranes were exposed to different chlorine
treatment conditions were determined using XPS. The nature of chemical bonding
across the rejection layer and polysulfone supporting layer was elucidated from
ATR-FTIR data. This research was the first to prove the increase of carboxylic
groups on the chlorine treated membrane surface, using the calcium treatment
technique. Zeta potential and sessile drop contact angle measurements were
employed to determine the changes in the surface charge and wettability of the
membranes. The combination of these characterization techniques to
comprehensively investigate the nature of chlorine attack on fully aromatic and

semi-aromatic polyamide membranes is a novel contribution of this thesis.

As a result of these coordinated characterization techniques, this research
has successfully identified and demonstrated a new chlorination promoted
hydrolysis mechanism that occurs simultaneously with the incorporation of
chlorine into the PA matrix. The different steps involved in the mechanism
include: chlorine attaches to and withdraws the lone electron pair of the amide
nitrogen, causing the weakening and cleavage of the amide C—N bond; and the

positively charged C atom is in turn stabilized by the hydroxyl group. This

103
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hydrolysis mechanism was supported by the increased oxygen content of the
rejection layer (XPS), the decrease of C—N bonds (XPS, ATR-FTIR), and the
increase in surface negative charge (zeta potential measurement) and —-COOH

groups (Ca** reaction).

Chlorine treatment conditions influence the two chlorination and hydrolysis

processes as follows:

e Chlorine incorporation into the membrane matrix is largely governed by
the HOCI concentration and pH. This effect increases as the pH
decreases and the total chlorine concentration increases.

e Chlorination induced hydrolysis depends on the concentrations of both
HOCI and OH". The C-N bond hydrolysis increases with increasing pH

and total chlorine concentration.

This study identified that although the tertiary amide nitrogen of the semi-
aromatic PA was less prone to chlorine attack, chlorine may still bind to the non
cross-linked amino groups and hydrolysis of the PA could still occur. The observed
degradation of the membrane performance is attributed to the hydrolysis of the C—
N bonds.

In contrast to the common belief that the polyvinyl alcohol coating can
inhibit chlorine attack on the membrane, chlorine was still found to bind to the PA
layer underneath the coating. Moreover, the coating can be partially or fully

detached under severe chlorine treatment conditions.

The effects of chlorine exposure on the PA structure were correlated with
membrane performance, which was evaluated in terms of water permeability,
rejection of charged (NacCl, arsenic (V) anion) and neutral (polyethylene glycols -
PEGs and boric acid) solutes. N-chlorination and C—N bond hydrolysis cause
opposite effects on membrane physiochemical properties and performance; their

simultaneous occurrence offers coherent explanations to the disparate and often
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contradictory observations on chlorination effects reported in the literature, which

are summarized below:

e Incorporation of chlorine into the PA layer causes the membrane
surface to be more hydrophobic. Chlorine also inhibits the formation of

—NH;" groups, thereby increasing negative charge density.

e Hydrolysis of C—N bonds leads to bond cleavage and increased —COO"
groups, which renders the membrane surface more hydrophilic and
more negatively charged.

e The water permeability declines when the membrane surface is more
hydrophobic due to domination of chlorine incorporation, and increases
when the membrane surface is more hydrophilic due to domination of

OH' incorporation.

e Both chlorination and hydrolysis enhance the negative surface charge,
which enhances rejection of charged solutes (e.g., NaCl, As(V) anion)
due to increased charge repulsion. However, hydrolysis simultaneously
causes PA bond cleavage. When the bond cleavage dominates the
increase in negative surface charge (at high pH and high chlorine

concentration), the rejection will be adversely affected.

e Rejection of neutral solutes (e.g., PEGs and boric acid) does not benefit
from charge repulsion and therefore is significantly diminished by

hydrolysis, which creates a more open PA structure.
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7.2 Recommendations for future work

In order to gain further understanding of the effects of chlorine exposure on

membranes, the following research is suggested:

1. Determining the optimum conditions for post-treating membrane with
chlorine. This thesis has shown the potential to obtain membranes with
better flux and rejection of both charged and uncharged solutes by
chlorine treatment. However, the exposure conditions still need to be
further optimized.

2. Investigating the changes in surface roughness due to chlorine exposure
for a more accurate determination of membrane hydrophilicity. In
contact angle measurement, the ridge-and-valley structure of the
membranes may cause air to be trapped in the troughs as the droplet is
deposited on the surface and reduce the hydrophilicity. Therefore, the
changes in surface wettability measured by the contact angle method
may not be solely attributed to the changes in membrane chemical
groups but also to the topography alteration. The Cassie—Baxter model
may be employed to obtain a more accurate evaluation of the membrane
wettability.

3. Further studies of the effects of chlorine exposure on the rejection of
compounds with special and complex characteristics such as polar
compounds, surfactants, pharmaceutically active compounds and
endocrine disruptors. These classes of chemicals are of environmental
and health concern. Their retention by chlorinated membranes is of
great interest in desalination and wastewater reclamation and their

rejection mechanisms are still poorly understood.

4. Appraisal of the effects of other chlorine-based agents such as chlorine
dioxide (ClO,) and chloramines on membrane performance. They are
suggested to be less harsh on PA membranes and could be used as

alternative membrane cleaning agents.
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5. Assessing the role of chloride and bromine anion in chlorination.
Chloride anion can favor the formation of molecular chlorine (Cly),
bromine (Br;) and mixed CIBr which have stronger reactivity than
HOCI and may directly attack the aromatic ring and cause further
changes on the membrane physiochemical properties and performance.
The presence of bromide was reported to cause more severe membrane
degradation. However, the role of bromide in hydrolysis has not been

investigated yet.
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Appendix A.

A-1. Polyethylene glycol (PEG) concentrations by gel permeation
chromatography (GPC)
Typical GPC chromatograms for three PEGs having concentrations of 2.5

g/L are combined in Figure A-1. The retention times for PEG 600, 400 and 200 Da

are 8.5, 8.7 and 9.3 min, respectively.

PEG 600
50 PEG 400
PEG 200

Response (mV)
b
1

2 I I O O A

005 115 2 25 3 35 4 45 5 55 6 65 7 75 8 B5 9 85 10 105 11 115 12 125 13 135 14 145 15 155 16 165 17 175 18 185 19195 20 205 A

Retention time (min)

Figure A-1. Chromatograms for PEG 600, 400 and 200 (from left to right).
Concentration: 2.5 g/L.

A seven-point calibration covering a 0.1 — 7.5 g/L range was run at the
beginning of each batch. The PEG concentration was calibrated with the peak
height (mV). The coefficient of determination (R?) was greater than 0.99 for all
runs (Figure A-2).
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Figure A-2. Calibration for PEG 200, 400 and 600 Da.
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Appendix B.  Supplemental Data for Chapter 4
B-1. Elemental compositions of virgin and chlorinated

membranes by XPS

The elemental compositions of virgin and chlorinated membranes obtained
from XPS survey scans are tabulated in Table B-1. In addition, the O/C and O/N

ratios were calculated. Errors reported for the atomic concentration are

measurement ranges from 2 to 5 measurements.

Table B-1. Elemental compositions of virgin and chlorinated membranes.

Mem- [HOCI]|Soaking Atomic Concentration % Atomic ratios
brane | (ppm) [time (h)] O 1s Cls N 1s Cl2p | S2p 0o+C O+N
virgin 120+09|77.6+0.1/104+09 - - 1015+0.01| 1.15+0.02
1000 1 |126+12|696+23|94+06 (84+£0.7| - (018+002|1.34+0.02
NFR0 1000 | 24 |140+13|658+09|103+06(99+09, - 021+0.02|1.36+0.02
2000 | 24 |(141+11|660+05|98+05101+11 - [021+0.02|144+0.02
virgin 122+08(770+02|108+09| - - ]016+0.01| 1.13+0.02
XLE | 1000 1 121 68.7 112 8.0 - 0.18 1.08
2000 | 24 139 65.1 9.0 119 - 0.21 154
virgin 259+34(723+£06| 27134 - - 1036+0.05|9.72+0.46
1000 1 |287+20(683+29|14+03|16+05| - (042+0.03(20.89+0.11
B0 1000 | 24 |204+0.1/633+00|65+02(98+01, - 032+0.00{3.15+0.01
2000 | 24 |194+14|613+09|56+£0.7 128+0.2 - [0.32+£0.02|347+0.05
SW30HR virgin 279 715 0.6 - - 0.39 46.47
1000 1 24.8 715 2.3 14 - 0.35 10.74
virgin 142+09|744+16|114+0.7 - - 1019+0.01| 1.24+0.02
1000 1 |170+31|704+35(116+04|06+0.1{04+0.10.24+0.05| 1.47£0.05
NF270 1000 | 24 |17.7+£05|68.1+0.1|11.8+03|21+0.3/0.3+0.00.26+0.01| 1.51+0.01
2000 | 24 |195%15|66.0+08|115+05|2.7+£0.2/0.4+0.000.29+£0.02| 1.69 +0.03
virgin 13.0 744 12.6 - - 0.18 1.03
At 1000 1 121 75.9 11.7 04 - 0.16 1.04
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B-2. Surface oxygen content for chlorinated BW30 membrane

The oxygen content of BW30 decreased at higher chlorine percentages,

which is consistent with the assumption that the oxygen-rich PVA coating layer

was detached from the PA layer under severe chlorination conditions.
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Figure B-1. Ratio of (a) oxygen to carbon and (b) oxygen to nitrogen as a
function of the atomic percent of bound chlorine for BW30 at different
chlorination conditions: pH 5; 2000 ppm x 24 h, 1000 ppm x 24 h, 1000 ppm x
1 h, 100 ppm x 24 h, 100 ppm x 10 h and 10 ppm x 100 h. The dotted lines
represent the (a) O/C and (b) O/N ratio for virgin membranes.
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B-3. High resolution XPS spectra for virgin and chlorinated
BW30 and NF270 membranes
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Figure B-2. High resolution XPS spectra of (a) O 1s, C 1s, N 1s for virgin and
(b) O 1s, C 1s, N 1s, CI 2p for chlorinated BW30 (2000 ppm % 24 h, pH 5).
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Figure B-3. High resolution XPS spectra of (a) O 1s, C 1s, N 1s for virgin and
(b) O 1s, C 1s, N 1s, CI 2p for chlorinated NF270 (2000 ppm x 24 h, pH 5).
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B-4. ATR-FTIR spectra at wave number 2700 — 3800 cm™

FTIR spectra from 2700 to 3800 cm™ for the three membranes are provided
in Figure B-4 below. For the NF90 and BW30 FA membranes, the magnitude of
the broad peaks centered ~ 3300 cm™, which are assigned to N-H and/or O—H
stretching (Tang et al., 2009a), were reduced as chlorination conditions became
more severe. On the other hand, for the NF270 PIP membrane, only a slight

reduction in the C—H stretching peak at 2970 cm™ was observed (Tang et al.,

2009a).
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Figure B-4. ATR-FTIR spectra for (a) NF90, (b) BW30 and (c) NF270: virgin
and chlorinated at pH 5; 2000 ppm x 24 h, 1000 ppm x 24 h and 1000 ppm x 1
h.
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B-5. Surface charge of virgin and chlorinated BW30 and
replicates for virgin membranes
The surface charge of virgin and chlorinated BW30 is presented in Figure

B-5. A consistent surface charge for more severe chlorination conditions could not
be obtained, probably due to the detachment of the PVA coating.
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|
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20 A—
2 3 4 5 6 7 8 9 10 11
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Figure B-5. Zeta potential for virgin and chlorinated BW30 as a function of
pH. Background electrolyte was 10 mM NacCl.
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A representative zeta potential replicate for virgin coupons is shown as below.
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Figure B-6. Zeta potential of two different virgin coupons for NF90, BW30
and NF270.

B-6. Hydrophilicity of virgin and chlorinated membranes

The contact angles of virgin and chlorinated membranes are tabulated in
Table B-2 below. The error bars indicate the standard deviations for 40
measurements (2 independent membrane coupons and 20 different locations for

each sample).

Table B-2. Contact angles (°) for virgin and chlorinated membranes.

Membrane Contact angle (°)

treatment
[HOCIISoakingl \\roq |« E | BW30 |SW30HR| NF270 | HL
(ppm) ttime (h)

Virgin__ |66.3+1.1(66.2+2.0|57.1+3.9|61.9+44(32.6+ 15405+ 3.7
1000 | 1 |69.8+2.4|735+190|53.3+4.0|56.9+3.4|30.6+22131.6£55
1000 | 24 |683+19| - |s522+26| - [433+23| -
2000 | 24 |742+1.6/793+28| 63+5.1 - l4a75+19] -
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Appendix C.  Supplemental Data for Chapter 5

C-1. Cross-linking degree - O+N ratios of virgin and chlorinated

membranes

According to Tang et al. (2007) and Coronell et al. (2008), the O/N ratio
indicates the degree of cross-linking of the PA layer. When all the O and N form
amide groups and the PA layer is fully cross-linked, the O/N ratio is 1.0.
Meanwhile, a 2:1 ratio indicates a fully linear PA layer (Tang et al., 2007). It is
observed from Table C-1 that the O/N ratios of uncoated PA membranes (NF90
and NF270) became higher, indicating that the membranes were less cross-linked
as the chlorine concentration increased. The reduced degree of cross-linking may
be attributed to induced membrane hydrolysis due to chlorine attack on the amide
nitrogen. In case of BW30, due to the oxygen-rich surface PVA coating, the O/N
ratios are not in the range of 1 to 2 (Tang et al., 2007). The reduced O/N ratios at
high chlorine concentrations (1000 and 2000 ppm) can be attributed to the partial
detachment of the coating (Do et al., 2012a).

Table C-1. O+N ratios of virgin and chlorinated membranes.

Chlorine O+N
concentration (ppm) NF90 BW30 NF270
virgin 1.15+0.09 |9.72+8.88 1.24 £ 0.08
10 1.04 4.89 1.34
100 1.19 10.48 1.28
1000 1.36 £0.10 | 3.15+0.08 1.51 £ 0.04
2000 144+0.09 |3.18+0.31 1.69+0.10
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C-2. PEG rejection of virgin and chlorinated BW30 and NF270

membranes

The rejection of virgin and chlorinated BW30 and NF270 membranes was
plotted against the molecular weights of the PEGs in Figure C-1. Due to the
tightness of the RO membrane, the MWCO of BW30 could not be determined.
However, there was a slight but consistent decrease in PEG rejection of severely
chlorinated BW30 at 1000 and 2000 ppm. These data support the argument in
Appendix C-1 that the coating did not completely protect the underlying PA layer

from chlorine attack.

The MWCO of the virgin NF270 in Figure C-1b is interpolated to be ~ 300
Da, which is consistent with the value (340 Da) reported by L6pez-Mufioz et al.
(2009). Similar to NF90 performance discussed in Section 5.3.2.2, the PEG
rejection of mildly chlorinated NF270 (at 10 and 100 ppm) benefited from a
tightening effect and slightly increased. The severely chlorinated NF270 (2000
ppm) had a lower PEG rejection than the virgin, which indicates that its PA

structure was more open and agrees with the less cross-linking data in Table C-1.
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Figure C-1. PEG rejection of virgin and chlorinated (a) BW30 and (b) NF270.
Membranes were exposed to 10, 100, 1000 and 2000 ppm of chlorine for 24 h
at pH 5. Error bars represent the range of replicate measurements.
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Appendix D.  Supplemental Data for Chapter 6

D-1. Concentration of chloride ion in chlorine treatment solution

The presence of chloride anion in the chlorine soaking solution was
investigated for chlorine concentration of 100 ppm CI, pH 5. The active elemental
chlorine ([Cl;] + [HOCI] + [OCI]) was determined from iodometric titration with
sodium thiosulfate (Eaton et al., 1995) and reported as ppm of equivalent CI. Then,
the total elemental chlorine and chloride anion was determined by ion
chromatography. The concentration of chloride anion, which was introduced by

addition of HCI for pH control, was ~ 37.7% of the active elemental chlorine.

D-2. OI/N ratios of chlorinated NF90 membranes as a function of
[HOCI] « [OH] and [OCI]

The O/N ratios indicating the degree of cross-linking of chlorinated
membranes are plotted against the [HOCI1] « [OH] product in Figure D-la. The
O/N ratios seem to correlate with [HOCI] « [OH'] better than only [HOCI] as
shown in Figure 6-3b, which demonstrates the influence of both HOCI and pH in

the chlorination promoted hydrolysis process.

[H"]x[ocr ]

Since K, =
ince K, [HOCT]

, the O/N ratios can be equivalently correlated to

the [OCI'] as shown in Figure D-1b, using the below equation:

[HOCI]-[OH"] = K%( <[oct]
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Figure D-1. O/N ratios of NF90 membranes chlorinated for 100 h at different
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(b) [OCIT.
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D-3. Zeta potential of virgin and chlorinated NF90 membranes

Figure D-2 presents the surface charge of the virgin and chlorinated
membranes (1000 ppm, 100 h, pH 5 and 9) measured with 10 mM NaCl as the
electrolyte at pH from 3 to 9. According to our previous studies, the uncertainty in
zeta potential measurements is ~ + 5 mV (Tang et al., 2006; Do et al., 2012a). At
pH < 5.5, the positive charge of the virgin membrane is attributed to the formation
of —NH," groups (Childress and Elimelech, 1996) and the negative charge of
chlorinated membranes is due to amide hydrogen displacement by chlorine (Do et
al., 2012a). The enhanced negative charge of chlorinated membranes at high pH
can be explained by the increased surface density of the -COQ" groups, consistent

with the chlorination promoted hydrolysis mechanism (Do et al., 2012a).
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Figure D-2. Zeta potential of the virgin and chlorinated NF90 membranes.
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D-4. Permeability of sodium chloride

The salt permeability coefficient, B (m/s), which is an intrinsic property of
the rejection layer was determined from the water flux (J,,) and rejection (R) from

the following equation (Mulder, 1996):
1
B=J,x(=-1
wx (g =1

The trends of salt permeability coefficients in Figure D-3 agree well with

those of the apparent salt rejection.
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Figure D-3. Salt permeability coefficient, B x 10° (m/s) of the NF90
membranes: virgin and chlorinated for 100 h at different total chlorine
concentrations and pH. Background color contours represent iso-
concentration lines of HOCI. N.P.: membrane failed to perform.
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D-5. Correlation between trace inorganic contaminants and NacCl

rejection

In Figure D-4a, the rejection of arsenic (V) anion highly correlates with that
of NaCl, showing that the effects of chlorine exposure on the rejection of charged
solutes are similar. However, the boric acid rejection does not correlate well with
the NaCl rejection in Figure D-4b because boric acid was neutral at the filtration

conditions and did not benefit from the enhanced charge repulsion.
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Figure D-4. Correlation between (a) As(V) rejection and (b) boric acid
rejection and NaCl rejection of virgin and chlorinated NF90 membranes. The
data in the brackets denote: (chlorine concentration, treatment pH).
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