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ABSTRACT OF THE THESIS

Effects of Water Chemistry on

NF/RO Membrane Structure and Performance

Yibing Mo

Master of Science in Civil Engineering
University of California, Los Angeles, 2013
Professor Eric M. V. Hoek, Chair
In recent decades, there has been increasing concern about water contaminated by chemicals of
emerging concern (CECs), ak.a., trace organic micropollutants or emerging contaminants.
Recent advances in analytical procedures enable detection of compounds like pharmaceuticals &
personal care products (PhPCPs), hormones, endocrine disrupting compounds (EDCs),
disinfection by-products (DBPs) and synthetic organic chemicals (SOCs). Many members of
these compound classes are carcinogen or mutagens. A number of conventional and advanced
methods have been evaluated (individually and in combination) for removal of CECs from water
sources, including enhanced coagulation, activated carbon, activated sludge, membrane

bioreactors, riverbank filtration, nanofiltration (NF), reverse osmosis (RO), and advanced
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oxidation processes. NF and RO membranes can achieve very high removals of many CECs;
however, removal of a specific solute by a given membrane can vary widely at different water
treatment plants. It has been proposed that different membrane performances were due to
variations in water chemistry (i.e., pH, TDS, hardness, etc.), but it was not specified as to why
the water chemistry so profoundly influences observed CEC removal. This study attempts to
relate how water chemistry affects NF and RO membrane performance by elucidating structural
changes in the membrane barrier layer solely due to background water chemistry — using model
membranes, and well controlled laboratory studies using different solutes and electrolytes. A
recently proposed NF/RO structure-performance model used to fit experimental data suggests
that NF/RO membranes become looser (i.e, lower rejection of trace organics and high water

permeability) with increasing water ionic strength, pH and divalent content.

iv



The thesis of Yibing Mo is approved

Shaily Mahendra
Michael K. Stenstrom

Eric M.V. Hoek, Committee Chair

University of California, Los Angeles

2013



Table of contents

INtroduction......ocvveiiiiniieiiiiiiiiiiiiieiiiiiiieiieiieiiiietieiiieetiecieiecnnes 1
1.1. Background, motivation, and significance................cc.ccevveeennn.. 2
L.1.1.Drinking Water........oovuueiniiiitiie i 2
1.1.2.Chemicals of emerging concern (CEC)...............cooviiiiiinne 2
1.1.3.RemMOVal PrOCESSES. .. .eutttettittiite e 3
1.1.3.1. Granular activated carbon...................ocooiiiiin.. 3
1.1.3.2. Advanced oxidization ProCess...........ccovueerueeruueennnenn. 4
LIB33. NF/RO. .o 5
1.2. Hypothesis and scope of WOrk............ccoviiiiiiiiiiiiiiiiiiinan.. 6
Review of past work................ooiiii 9
2.1. Chemicals of emerging concern (CEC’s) in drinking water............ 10
2.1.1.Classes of chemicals........c...cooiiiiiiiiiiiiiiiiiii i, 10
2.1.1.1. Disinfection by-products...........c.ccoviuiiiiiiiiiiineennnnn. 10
2.1.1.2. Pharmaceuticals & personal care products.................. 12
2.1.1.3. Hormones & endocrine diSruptors .............cevvueennn... 13
2.1.1.4. Industrial solvents...........c.ocooiiiiiiiiiiiiiii e 14
2.1.2.Properties Of CECS.......ooiiiiiiiiii e 16
2.2. Organic rejection mechanisms of NF/RO membranes................... 17
2.2.1.Steric eXCIUSION. .. ..ouiii i 17
2.2.2.Solute-membrane-solution interaction..................cooeeeennen. 19
2.2.3.Donnan interactions. ........o.eereeruerneitenne et eneneeenaenn. 20
2.3. Effect of water chemistry on NF/RO membrane performance......... 21
2.3.1.CONCENIIAION. . ... uttte ettt ettt 21
0 T 0 o) 5 P 21
2.33.DIvalent 10NS. ...o.uinii i 22

vi



2.4. Transport model development..............ooviiiiiiiiiiiiiiiiiiiiean,
2.4.1.Classical solution-diffusion model......................oil.
2.4.2.Kedem-Kechalsky model.............ooooiiiiiiiiiiiiii
2.4.3.Spiegler-Kedem model..........c.ooeviiiiiiiiiiiiiiiiiie

Theory and Experiment..........................ciiiiiiiiian

3.1. Extended solution-diffusion-convection (xSDC) Model................
3.1 1. Water tranSPOTt. . ..o.ueeeee it et et e e et e eeeeeaees
3.1.2.Solute tranSport.........covvvevieiiniiiniiiinnean.
3.1.3.General description of xXSDC model...............ccoeeiiiiinni.

3.2. Membranes: NFOO, NF270,and XLE...........ccoooviiiiiiiiiiiiiiniiiin.

3.3. Solutes: Ethylene Glycol and 1.,4-dioxane.............c...........

3.4. Water chemistry: Concentration, pH, and divalent ions.................

3.5. Analyticmethod...... ..o

3.6. Contact angle MeasuremMents. ........co.ueeuueennierneeinieeneeenieaniaenns

3.7. Membrane surface tension parameters. ..........vvvevreeerneernneennnenns

3.8. Performance testing........cooueviuiiriiiiiiiniii i

Result and Discussion...............coooiiiiiiiiiiiii

4.1. Membrane characterization.............c..cooueiueiiinninieiinenneneennenn.

4.2. Solute-membrane-solution interaction energy.............c.ooeevueennn...

4.3. Performance testresult for EG................cociiiiiiii,
4 3.1.Effect of water chemistry on membrane water permeability ......

4.3.1.1. Effect of ionic strength.............ccoooiiiiiiiiiiiiiian
4312, Effect of pH....ooiiii
4.3.1.3. Effect of divalentions..............ccooieiiiiiiiiiiiinenen.
4 3.2 Effect of water chemistry on EG rejection.................ccoueen.
4.3.2.1. Effect of ionic strength..............coooiiiiiiiiiiiiinn
4322, Effect of pH...oooniii

vii



4323, Effect of divalent 10nS........oovvviiiiiiieiiiiiiiiiieneeeenin 54

4.4. Membrane structural parameters obtained from EG....................... 56

4.5. Real rejection and fitting results for 1 ,4-dioxane......................ee.. 57
4.5.1. Effect of ionic strength............coooiiiiiiiiiiii 60

452 . Effect of pH...oviiii 63

4.5.3. Effect of divalent ionS...........coviiiiiiiiiiiiiiiiiiiiiea 65

4.5 4. Fitting interaction energy analysis for 1,4-dioxane................. 67

S ConCluSIONS. .......ouiii 69
References. ...........oooouiiiiiiiii 71

viii



List of Tables
Table 2.1. Properties of chemicals of emerging concern.
Table 3.1. Physic-chemical properties of EG and 1,4-dioxane.
Table 4.1. Contact angle of membranes with Water, Diiodomethane and EG
Table 4.2. Surface tension parameters of solutes.
Table 4.3. Membrane surface tension parameters in ten water chemistries.
Table 4.4. Interaction energy of membrane-solute-water and membrane-water for EG.

Table 4.5. Interaction energy for 1,4-dioxane-membrane-water.

ix



List of Figures
Figure 2.1. Size exclusion effect on organic rejection by NF/RO membrane [1].
Figure 2.2. Solute-membrane-solution interaction effect on organic rejection by NF/RO
membrane [1].
Figure 2.3. Donnan Exclusion effect on charged solute rejection by NF/RO membrane [1].
Figure 3.1. Combined effects of membrane structure factor, membrane pore size and
water-membrane interaction energy on water permeability.
Figure 3.2. Combined effects of membrane structure factor, membrane pore size and
solute-water-membrane interaction energy on solute rejection.
Figure 3.3. Chemical Structure of (a) Polyamide and (b) Poly piperazine.
Figure 4.1. Effect of ionic strength (NaCl) on membrane water permeability.
Figure 4.2. Effect of pH on membrane water permeability.
Figure 4.3. Effect of divalent ions on membrane water permeability.
Figure 4.4. Effect of ionic strength (NaCl) on EG rejection for NFO0 (a), XLE (b), NF270 (c)
membranes (SmM=red, 50mM=blue, 500mM=black).
Figure 4.5. Effect of pH on EG rejection for NF90 (a), XLE (b), NF270 (c) membrane (pH3=red,
pHS5=blue, pH7=green, pH9=pink, pH11=black).
Figure 4.6. Effect of divalent ions (Mg**, Ca>") on EG rejection for NF90 (a), XLE (b), and
NF270 (¢) membrane (50mM NaCl=red, 50mM CaCl,=blue, 50mM MgCl,=black).
Figure 4.7. Calculated membrane pore size (left, blue) and structural factor (right, red) for NFOO

(a), XLE (b), and NF270 (c).



Figure 4.8. 1 4-dioxane real rejection and fitting rejection curves for NF90 (a), XLE (b), NF270
(c) under three concentrations (5 mM=red, 50 mM=blue, 500 mM=black).

Figure 4.9. 1 4-dioxane real rejection and fitting rejection curves for NF90 (a), XLE (b), NF270
(c) under five pH (pH3=red, pH5=blue, pH7=green, pH9=pink, pH11=black).

Figure 4.10. 1 4-dioxane real rejection and fitting rejection for NF90 (a), XLE (b), NF270 (c)

under two divalent ions (50mM NaCl=red, SOmM CaCl,=blue, 50mM MgCl,=black).

Xi



ACKNOWLEDGEMENTS
I would like to sincerely thank my advisor, Professor Eric M V. Hoek, for being patient and
encouraging. I also appreciate him for showing his kind concern about my future study and

career.

I also would like to thank my committee members: Dr. Michael K. Stenstrom and Dr. Shaily

Mahendra for their academic support and encouragement.

I also would like to thank our group members: Jinwen Wang, Maivs Wong, Marytheresa M
Pendergast, Benjamin J Feinberg, Catalina Marambio Jones for their help and encouragement.
Typically, I would like to thank Jinwen Wang for being patience, and gave me a lot of guide and

help in experiment and data analysis.

Finally, I would like to thank my parents Wenlong Mo, Hexiang Dai in spiritual and financial

support. Without your support, I could not finish my study. Also, I would like to thank God gave

me wisdom and protected me throughout my master study in U.S.

Xii



CHAPTER 1

INTRODUCTION



1. Introduction
1.1. Background, Motivation, and Significance
1.1.1. Drinking water

There are three basic guidelines in determining drinking water quality [2]: (1) the water
must be free of disease causing bacteria, (2) the concentration of harmful chemicals are below
acceptable levels and (3) the concentration of radioactive compounds are below defined
thresholds. In recent decades, the drinking water industry has encountered great challenges from
modern industrial and agricultural growth and development. A lot of synthetic pollutants have
found their way into drinking water sources. Generally, an adult consumes about two liters of
water per day, which is much larger (in volume or mass) than the daily consumption of solid

food; hence, the health risks imposed by contaminated drinking water are very important.

1.1.2. Chemicals of emerging concern (CEC)

Trace organic compounds in drinking water mainly come from industrial solvents, personal
care products, pharmaceuticals, disinfection by-products and pesticides. Typically, the most
notorious trace organic contaminants are N-nitroso-dimethylamine (NDMA), chloroform,
1 4-dioxane, methyl tert-butyl ether (MTBE), benzene, ethylbenzene, toluene, xylenes,
17B-Estradiol, etc. NDMA has received special attention because of its carcinogenicity at low
concentrations in drinking water (3 ng/L, CA) [3]. Recently, 14-dioxane has become
increasingly of more concern as it is not readily degraded. It has been found in many places

around the United States and is classified as a probable carcinogen [4]. 173-Estradiol is a natural
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hormone and has great impact on affecting the ecological cycle. It has been reported that
concentrations beyond Ing/L will have adverse effects on the reproductive system for male
aquatic animals [5]. Since many effects of these trace organic compounds’ have not yet been
identified, it is important to remove trace organic compounds from drinking water to eliminate

potential health risks.

1.1.3. Removal processes
1.1.3.1. Granular activated carbon

Filtration using Granular Activated Carbon (GAC) is a common method in water treatment.
GAC can remove a wide range of compounds, including odor and color causing compounds,
disinfection byproducts (DBPs), natural organic matter (NOM) and other toxic compounds.
Usually, GAC has been used in filtration and post-filtration adsorption in many water treatment
plants. Babi, K. G. et al. [6] reported that post-filtration adsorption was more efficient than
filtration adsorption in removal of Trihalomethanes (THMs), haloacetic acids (HAAs) and
dissolved organic carbon (DOC) from water sources. The researchers also showed that GAC
performs well initially (first 50 days), but the removal declines after 50 days and remains steady
at 50% removal after 150 days. The removal increased after 200 days due to biodegradation
since biofilms formed over time on GAC. The removal of THMs by GAC resulted in negative
values, which means the GAC adsorption for THMs s not stable and some adsorbed solutes have

the potential to be desorbed over time.



Kim, Jinkeun et al. [7] also indicated that breakthrough, the limited removal of solutes by
the adsorbent, occurred after three months and remained around 10% removal for THMs in
filtration-adsorption type GAC. But for HAAs, the removal decreased rapidly in the first three
months and then increased to 90%, which is attributed to biodegradation. A combination of a
membrane bioreactor (MBR) and GAC for dissolved organic carbon removal was proposed by
Nguyen et al. [8]. In this research, GAC was a complementary part to the MBR because the
MBR is not efficient in removing hydrophilic and persistent organic compounds, while GAC is
efficient in removing hydrophilic compounds and able to retain persistent organics from water.
The total removal of various compounds with wide range of log K,,,, were all around 99%. From
the previous combined MBR and GAC study, it was concluded that GAC was not good in
adsorbing hydrophobic organics (log K,,, > 3.2). From the discussion above, GAC alone is not
sufficient for water treatment. Furthermore, GAC is expensive to use and requires regeneration to

maintain continuously functional.

1.1.3.2. Advanced oxidization processes

Advanced oxidization processes (AOPs) refers to using various methods to generate
hydroxyl radicals (‘OH), which indiscriminately abstract electrons from reduced organic or
inorganic pollutants in water [9]. Ito et al. [10] found O,/UV, O,/H,0, ,H,0,/UV and O;H,0,/UV
are effective combination of AOPs in DOC removal. The authors also pointed out that none of

the AOP methods was effective at complete mineralization of DOC, but they did contribute to



their subsequent biodegradability. Broseus et al. [11] showed that ozone based AOPs effectively
removed pharmaceuticals, endocrine disruptors and pesticides, but ozone application is limited
due to the formation of bromoform when wastewater contains bromide and NOM [12]. Plumlee
et al. [13] used UV and reverse osmosis (RO) to investigate the NDMA removal and found that
the application of UV within a range of 175-225 nm enhanced NDMA removal by breaking
down the nitrogen-nitrogen bond. However, using UV method to remove NDMA is extremely
expensive. For example, Cryptosporidium destruction requires a density of 8—12 mJ/cm’, but
NDMA destruction may require a density of 600-800 mJ/cm’ to achieve satisfactory removal
[14]. Kruithof et al. [15] indicated that NDMA can be mainly removed by UV, while 1,4-dioxane
can only be removed by hydroxyl radicals. Generally, AOPs can be effective in removing DOC

and COCs, but they are energy intensive and expensive.

1.1.3.3. Nanofiltration and Reverse Osmosis

Nanofiltration (NF) and RO are novel water treatment technologies that have been widely
used in the industry of potable water and seawater desalination. NF/RO are effective processes to
remove DOC for compounds larger than the characteristic membrane pore size [16]. The
parameter A (= r/r,) is used to characterize the solute-to-membrane pore size ratio. Yoon et al.
[16] empirically found that rejection of organics was over 75% when A was over 0.8. Besides 4,
there are other factors that can influence NF/RO rejection of DOCs. From the solute perspective,

factors like molecular weight, molecular size, acid disassociation constant (pKa), hydrophobicity



(logK,y), and diffusion coefficient, etc. also affects how well removed it is. In terms of the
membrane, parameters like molecular weight cut off (MWCO), membrane pore size, membrane
thickness, membrane porosity, membrane surface charge, hydrophobicity, and membrane surface
roughness, etc. will affect rejection of solutes. The feed water chemistry affects the rejection of
solutes, including solution pH, ionic strength, hardness, total dissolved solute (TDS) [17].
Temperature also affects membrane performance through solute diffusivity and membrane
swelling [18]. Hurwitz et al. [19] indicated that with increasing pH, salinity and presence of
divalent cation, the polyamide membrane became more wetting, less hydrophobic and more
electro-donor functionalized. Verliefde et al. [20] pointed out that hydrophilic solute tends to be
highly rejected by hydrophobic membrane because of a low partition coefficient. Verliefde et al.
[21] also showed that negatively charged organics could be highly rejected by NF/RO membrane
because of negatively charged membrane surface. However, NF/RO membranes can only
moderately remove trace organics in economic operating conditions [17]. Also, it has been
reported that the same membranes exhibited different performances in different water

chemistries [22].

1.2. Hypothesis and scope of work

It is hypothesized that the background water chemistry changes the membrane free volume
and inter-connectedness of the free volume due to swelling and deswelling cause by differences
in salinity, pH, and divalent ions. In a series of studies, Nghiem et al. [23] showed that increasing

pH from 6 to 8 increased NDMA rejection from 35% to 45%. Also, when the ionic strength of
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feed water increased from 26 to 260 mM NDMA rejection decreased from 52% to 34%. They
considered that high pH affects the charge of the functional groups in the membrane, and thus,
change the membrane matrix formation (i.e., pore size and porosity). They also suggested that
high salinity increases the membrane pore size based on decreased rejection. Elimelech et al. [24]
indicated that pH effect on membrane performance is due to electrostatic repulsion, membrane
pore size and volume.

Analogously, membrane pore size and membrane structure parameters (i.e., thickness,
porosity) play important roles in membrane performance. It is logical to assume that membrane
pore size r, and membrane structure factor Ax/e will change simultaneously because once the
membrane pore size enlarged, the membrane thickness and porosity would increase as well.
However, the pore size and the membrane structure parameter will have counter effects on the
membrane performance; large membrane pore size increases water permeability and decreases
solute rejection, while large membrane structure parameter decreases water permeability and
increases solute rejection. To precisely characterize membrane structure, these two parameters
have to be taken into consideration. Verliefde et al. [20] predicated membrane pore size through
Spiegler-Kedem equation, but only used one equation to fit two unknowns producing somewhat
arbitrary results. The first objective of this thesis is to develop a robust, but facile model relating
membrane structure to observed separation performance. The second objective is to use the
model to analyze experimentally determined water flux and solute rejection data obtained with
different membranes in different water chemistries. The third objective is to apply the model to

predict rejection of other solutes and compare to experimental results.

7



In addition to testing the stated hypothesis, the broader implication of this research is an
improved, fundamental understanding of the relationship between observed separation
performance and NF/RO membrane structure and physico-chemical properties. Chapter 2
comprises an extensive literature review of CECs in drinking water, membrane transport
mechanisms, and classical membrane transport models. The literature review includes major
organic solutes that are CECs in drinking water, effects of water chemistry on NF/RO
performance, organic solute transport mechanisms and NF/RO transport model development
history. Chapter 3 is a detailed description of experimental materials, methods as well as the
derivation of a new NF/RO membrane structure-performance model. Chapter 4 discusses the
experimental results interpreted through the structure-performance model and prediction results
for 1,4-dioxane. Chapter 5 is a brief summary of major findings from this work and a description

of future research.



CHAPTER 2

REVIEW OF PAST WORK



2. Review of past work
2.1. Chemicals of emerging concern (CEC) in drinking water

There are four major groups of CECs: Disinfection by products (DBPs), Pharmaceuticals &
personal care products (PPCPs), Endocrine disruptors (EDC) and industrial solvents. Most
known industrial solvents and DBPs already have maximum contaminant limits (MCLs) or some
type of action/notification levels defined by the US EPA. However, most chemicals in PPCPs
and EDC groups are listed in Containment Candidate List (CCL), which means they are

candidates for US EPA regulation.

2.1.1. Classes of chemicals
2.1.1.1. Disinfection by-products

DBPs are classified as carcinogens or mutagens, which prevents water to be reused and
poses health risks to drinking water sources. Reuse water always contains a large amount of
NOMs, which is a prerequisite for DBPs’ formation during the disinfection process. DBPs are
also big issues for municipal tap water system since DBPs formation cannot be avoided in the
distribution system from the drinking water plant to consumers’ tap [25]. THMs, HAAs,
haloacetonitriles (HANs), Haloketones (HKs), haloketones (HKs), chloral hydrate (CH),
cyanogen chloride (CNCl), chloropicrin (CP), and NDMA are common DBPs formed during the
disinfection process in wastewater treatment plants when chlorine or chloramine disinfectants
reacts with NOMs [12, 26, 27]. THMs, HAAs and NDMA are emerging DBPs that have been

widely studied.
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Group of THMs contains four compounds: Chloroform (TCM), Bromodichloromethane
(BDCM), Dibromochloromethane (TBM), and Bromoform (DBCM). Bromoform could also be
formed through the ozone disinfection process [12]. TCM is the dominant compound of THMs
when bromide concentration is low [28]. Inhalation, ingestion and skin penetration are the major
pathways for intake of chloroform that can adversely affect people’s health. Chlorinated drinking
water is the largest source of human exposure to THMs. Bathing and swimming in chlorinated
water also increases people’s exposure to chloroform. Chloroform has been used as an inhalation
anesthetic, which means it has effects on the central nervous system. Additionally, experiments
on animals have indicated that high concentration of chloroform is toxic to the liver and kidney.
The U.S. EPA has classified chloroform as a probable carcinogen according to studies and has
set a maximum concentration level (MCL) of 80 ppb for THMs in drinking water. The MCLs are
70 ppb for TCM, 60 ppb for DBCM, 0.6 ppb for BDCM and 5 ppb for Bromoform [29, 30].

HAASs consists of nine species: there are monochloroacetic acid (MCAA), dichloroacetic
acid (DCAA), and trichloroacetic acid (TCAA); monobromoacetic acid (MBAA), dibromoacetic
acid (DBAA), and tribromoacetic acid (TBAA); bromochloroacetic acid (BCAA),
bromodichloroacetic acid (BDCAA), and chlorodibromoacetic acid (CDBAA) [12]. HAAs are
formed through the reaction of chlorine and NOMs in raw water. Typically, HAAs are also
called HAAS because only five compounds are prevalent (DCAA, TCAA, MCAA, MBAA and
DBAA). Long time of drinking chlorinated water may increase the risk of getting cancer. EPA
has established a MCL of 60 ppb for HAAs [12, 30], single MCL of 20 ppb for TCAA, and

single MCL of 70 ppb for MCAA [30].
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NDMA is one species of nitrosamines, which are carcinogenic, mutagenic and teratogenic
[31]. It was used as an additive for liquid rocket fuel, but now NDMA is a by-product. It has
been found in many environments, such as cigarette smoke, rocket launch fields, food and
drinking water [32]. Animal studies showed that NDMA has significant effect on tumor
occurrence among different species through oral, inhalation and other exposure [32]. In 1998,
NDMA was first detected in a drinking water well in Northern California. Then more and more
places in California detected NDMA in their drinking water sources. In 2006, a Public Health
Goal (PHG) of 0.003 pg/L for NDMA was proposed by the Office of Environmental Health
Hazard Assessment (OEHHA) based on one in million lifetime cancer risk [32]. NDMA is not
currently regulated by the EPA, but there is a notification level of 0.01 pg/L and response level
of 0.3 pg/L [3]. U.S. EPA has classified NDMA as a probable carcinogen and published a cancer
risk level of 0.7 ng/L [33]. NDMA has been listed on the CCL [34], which means it is a good

candidate for EPA regulation [32].

2.1.1.2. Pharmaceuticals & personal care products

PPCPs have been largely consumed by people in recent decades and over 3000 different
compounds have been used worldwide for various medical and cosmetic purposes [35]. PPCPs in
the environment come from anthropogenic sources, including residues from pharmaceutical
manufacturing plants, hospitals, illicit drugs use, veterinary drug use and agribusiness [36].
Representative compounds of emerging for PPCPs are antibiotics, lip-regulator,

anti-inflammatories, anti-epileptics and X-ray contrast media [37]. Some PPCPs can be easily
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degraded, but some are inert due to its chemical stability. Lipophilic compounds tend to stay in
body, retained in fat, while hydrophilic compounds will be excreted to the environment through
urine and sweat, increasing its concentration in water sources [35]. Currently, there is no direct
evidence to prove that PPCPs have adverse effect on human health through drinking water,

therefore EPA does not regulate PPCPs [36].

2.1.1.3. Hormones & endocrine disruptors

EDCs have been detected at many places in the world, EDCs constitute of various
compounds, including synthetic, natural hormones and their derived forms, and hormone-like
compounds from different fields (i.e., PPCPs, pesticides, plasticizers, antioxidants, disinfections)
[38]. Natural hormones comprise progestogens, glucocorticoids, mineralocorticoids, androgen
and estrogens. Estrogens mainly consist of female steroids (i.e., estradiol, estrone and estriol),
which have been widely studied due to its adverse effect on male aquatic animals [5]. Hansen et
al. [39] revealed that Ing/L of 173-Estradiol has obvious induction of vitellogenin for trout,
which means EDCs can affect fish at very low concentrations. However, the impacts on human
health are still controversial, complicated and has limited research due to reguluations [40].
Sharpe R. M. et al. [41] showed that diethylstilbestrol as an orally active synthetic non-steroidal
estrogen may cause sperm decrease in human males. EPA have not listed any EDCs as controlled
chemicals in drinking water due to the limited correlative evidence received, but EPA have put
17a-Estradiol, 17pB-Estradiol, Estriol, Estrone and synthetic steroids (Ethinyl Estradiol,

Mestranol) into CCL as regulated candidates [34].
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2.1.14. Industrial solvents

Industrial solvents is a large group, including emerging categories of Polychlorinated
Biphenyl, BTEX and poly-aromatic hydrocarbons. PCBs are made up of different individual
chlorinated biphenyl components. PCBs were once widely produced during 1929 to 1979. After
1979, commercial production of PCBs was banned because of its toxicity and stability to
degradation. PCBs can accumulate in plants and animal’s body, which means higher
concentration is found higher up in the food chain. Research showed that PCBs have adverse
effects on the endocrine system, nervous system and reproductive system, and have been
classified as a probable carcinogen based on an animal cancer study [42].

BTEX is an acronym standing for benzene, ethylbenzene, toluene and xylenes. BTEX is
notorious due to its volatility, stability, high carcinogenicity, and other adverse effects on human
health. BTEX is a part of crude oil that has been widely detected around petroleum and natural
gas production sites, gas stations, and underground storage tanks. Also, BTEX in the air is
another big threat to people who live in big cities. Zhang et al. [43] have reported that the
atmospheric concentrations of BTEX in Beijing were 27.2, 31.9, 23.2, 19.1 pg/m’ in autumn,
winter, spring, and summer, respectively. The World Health Organization (WHO) estimated that
the life time exposure to 1pug/m’ of BTEX would cause 6 cases of leukemia per 1,000,000 people
[44]. EPA have defined MCLs of BTEX concentration in drinking water of7 ppb, 700 ppb, 1ppm,
10 ppm, respectively [45].

PAHs have been found at oil and coal related places, like gas stations, oil production sites,

coal gasifications, iron and steel fields. Also, PAHs are byproducts of barbecue grills and stoves
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caused by high temperature cooking. Cigarette smoke is another major source for individual
exposure [46]. EPA and WHO have identified PAHs as carcinogens, mutagens and teratogens.
EPA has regulated some PAHs in the drinking water, but only Benzo-a-pyrene has a MCL of 0.2
ppb. Some of PAHs are classified as probable carcinogens, like Benz-a-anthracene,
Benzo-a-pyrene, Benzo-b-fluoranthene, Benzo-k-fluoranthene and Indeno-1,2,3,-c,d-pyrene but

without MCL [45].
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2.1.2. Properties of CEC’s

Table 2.1. Properties of chemicals of emerging concern.

Henry's MCLs
D1 law for
Organic names Chemical MW r,2 log
Groups (x10° constant | drinking
and shorts formula (g/mol) (nm) 5 Kow 145)
cm®/s) (M/atm) water
(ppb)
1,4-Dioxane [4] Industrial C,H;0, 88.1 0.21 1.00 -0.27 200 NA
TCE** Industrial C,HCl, 1314 0.23 091 2.6 0.11 5
MTBE** [48] Industrial C;H,,0 88.2 0.27 0.78 1.24 1.6 20-40
Phenol* Industrial CH,O 94.1 0.23 091 1.46 2900 300
Benzene** [49] Industrial C¢Hg 78.1 0.21 0.98 213 0.18 1
Toluene** [49] Industrial C,H, 92.14 0.25 0.86 2.73 0.15 1000
Ethylbenzene** Industrial CH,, 106.2 0.27 0.78 3.15 0.13 700
Xylenes** [49] Industrial CH,, 106.2 0.27 0.78 32 0.13 10000
NDMA DBPs C,H(N,0O 74.1 0.21 0.99 -0.6 3850 0.007
Chloroform*#* DBPs C,HCl, 1194 0.21 1.00 1.92 0.27 10
Estrone [50] Hormone | C,;H,,0, 270 4 0.4 0.54 343 2.6x10° NA
17B-estradiol [50] Hormone | C,H,,0, 272.38 NA NA 401 2.78x10’ NA
Estriol [50] Hormone | C,H,,0, 288 4 NA NA 2.81 7.6x10° NA
Bisphenol-A* Hormone | C,H,0, 2283 0.36 0.59 33 10° 50

* Solid form under room temperature
** Volatile in water
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2.2. Organic rejection mechanisms of NF/RO membranes

Many membranes have been developed and used for different purposes, especially in
wastewater treatment and water purification applications.. Yoon et al. [16] found that rejection of
organics was over 75% when A was over 0.8 empirically, which indicated that solute size and
membrane pore size plays an important role in membrane performance. Verliefde et al. [21]
showed that steric exclusion could be affected by hydrophobic interactions between membrane
and solute. It was further suggested that hydrophobic solutes could diffuse into hydrophobic
membranes more easily than hydrophilic solutes even with the same solute size, thus resulting in
low rejection of the hydrophobic solute than the hydrophilic solute. Kimura et al. [51] pointed
out that negatively charged organic compounds were highly (>90%) rejected by negatively
charged NF membrane because of the electrostatic repulsion, while positively charged organic
compounds were rejected less than negatively charged organic due to electrostatic attraction. In
conclusion, membrane rejection mechanisms can be classified into three components: steric
exclusion, solute-membrane interaction and Donnan exclusion as described in the following

sections.

2.2.1. Steric exclusion
Steric exclusion refers to the physical barrier imposed by the membrane structural matrix
and solute size. Solute with larger size than membrane pore size can be effectively removed [21].

The mechanism is shown in Figure 2.1. The solute size can be defined in different ways such as
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stokes radius and geometric radius. The Stokes Einstein equation is obtained from classical
thermodynamic and continuum flow mechanics describing the movement of spherical solute in a
liquid [52], which assumes that the solute is spherical when calculating the stokes radius. In fact,
some compounds, cannot be precisely described by stokes’ radius, due to deviations from being
spherical in shapes such as being long chain, elliptical, cubic and flat. Different shapes can be
reflected in the diffusion coefficient in water. For example, long chain solute has low diffusion
coefficient than short chain solutes. However, diffusion coefficients do not directly reflect shape
of solute. Thus, the assumption of stokes equation is not accurate in describing the actual
molecule size. Jose [52] revealed that using the stokes’ radius as molecule size failed to predict
the rejection for long chain compounds (i.e., n-alcohols), but was reasonable for short chain

compounds (i.e., di-alcohols).
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Figure 2.1. Size exclusion effect on organic rejection by NF/RO membrane [1].



2.2.2. Solute-membrane-solution interaction

Solute-membrane-solution interaction energy is an indicator to describe the interaction
energy between solute, membrane and solution, which is described in Figure 2.3. The
solute-membrane-solution interaction will be evident only when the solute size is close to the
membrane pore size. If the solute size is too big, the solute will be fully rejected; if the solute
size is too small, the solute is able permeate through the membrane quickly. Hydrophobic solutes
can easily dissolve into hydrophobic solutions. When the hydrophobicity of the solute is high,
the rejection of solute is low because of the solute partition effect. The mechanisms for
solute-membrane-solution interaction proceeds in the following order: adsorption, formation of

hydrogen bond (Van der Waals) and desorption as depicted in Figure 2.2.

o \J
@) >0 \: formation of H-bonds
@ N @) : adsorption and desorption
S
S
)

Figure 2.2. Solute-membrane-solution interaction effect on organic rejection by NF/RO

membrane [1].

19



2.2.3. Donnan exclusion

Most NF/RO membranes are negatively charged due to polymer deprotonation. The most
common membrane surface coating material used in NF/RO is polyamide, which has a pKa of
5.7£0.3 [53]. Under common water chemistry, the functional group of polyamide is carboxyl
which will disassociate by releasing one hydrogen ion, causing the membrane surface to be
negatively charged. Negatively charged membrane repels negatively charged matters (i.e., NOM,
chloride ion, etc.) and attracts positively charged matters (i.e., sodium, magnesium, calcium, etc.).
Co-ions can be highly rejected while counter-ions tend to transport into membrane phase. This
phenomenon is vividly described in Figure 3.2. The partition coefficient of ions plays an
important role in Donnan exclusion due to unevenly distributed concentrations of ions in the
membrane phase and in the bulk phase. The concentration difference of ions between the bulk
and the membrane result in a Donnan potential, which is an indicator of the partition extent for

charged solute and membrane surface charge density [54].
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Figure 2.3. Donnan Exclusion effect on charged solute rejection by NF/RO membrane [1].
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2.3. Effect of water chemistry on NF/RO membrane performance
2.3.1. Concentration

Concentration is an important factor in determining NF/RO membrane performance,
because it generates osmotic pressure, which will go against the applied hydraulic pressure and
lower the water permeability. Based on classical diffusion theory, no matter how concentration
changes, salt rejection is not affected as that it is intrinsic to the membrane. However, Oo et al.
[55] reported that the removal of boron decreased by 20% as the concentration of NaCl increased
from 2 g/L to 14 g/L in the feed solution. Nghiem et al. [23] observed that as ionic strength
increased from 26mM to 260mM for NaCl solution, the rejection of NMDA decreased from 52%
to 34%. It was attributed to high ionic strength swelling the membrane, increasing the pore size
and thus, reducing NDMA rejection. As discussed above, it is clear that concentration of salt has

moderate impact on membrane performance.

23.2. pH

As discussed in the previous section, most commercial NF/RO membranes are made of
polyamide. Thus, when NF/RO membranes are immersed in water, the predominant carboxyl
groups of polyamide will deprotonate, causing the membrane surface to be negatively charged.
Different pH will result in different surface charges because of different deprotonation degrees.
Previous study conducted by Yang et al. [56] revealed that as pH increased, the polyamide
membrane surface charge decreased because of the dissociation of carboxyl group. The contact

angle of solution on the membrane also decreased as pH increased, which means that the
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membrane became more hydrophilic at high pH. The same phenomenon was also observed by
Hurwitz et al. [19] that the contact angle decreased as pH increased, and the membrane surface
became more hydrophilic. Hoang et al. [57] further pointed out that rejection of CI” increased as
pH increased from 3 to 8, and ion rejection reached a minimum when pH was around 5. He
indicated that the nadir point was due to the membrane surface charge being is neutral at that pH,
which is also known as the pKa for that specific membrane. Water permeability was only slightly
affected by pH within that range. NDMA is an uncharged organic; the rejection of NDMA is
only governed by membrane pore size and its own hydrophobicity. Theoretically, if pH does not
affect membrane structure, the rejection of NDMA should not be affected by membrane surface
charge change due to pH either. However, Nghiem et al. [23] found that N-nitrosamine rejection

by TFC-HR membrane decreased as pH decreased from 9 to 3.5.

2.3.3. Divalent ions

Typical divalent ions like Ca** and Mg are commonly found in natural waters, like
ground water and seawater. Hurwitz et al. [19] reported that Ca** and Mg** make the membrane
more hydrophilic due to increased attraction to water molecules and in helping water molecules
become more oriented. Bartels et al. [58] indicated that divalent ions will shield the membrane
surface charge and reduce the Donnan potential, which means membrane surface charge will be
reduced at the presence of divalent ions. Jin et al. [59] showed that Ca** and Mg** contributed to
hardness in water and will tend to form scalants on the membrane surface if exceeding the

solubility limits of certain ionic compounds, and thus reducing water permeability. If the
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membrane surface continues to accumulate divalent ions, the membrane surface charge would be

changed to positive value at high ionic strength.

24. Transport model development

Many mathematical models have been developed to characterize the transport mechanisms
of NF/RO membranes. Model simulation is important to membrane understanding, application
and development. With the help of models, the membrane transport theory could be better
understood and better performing membranes could be developed. NF/RO models can be
separated into three groups based on different assumptions: irreversible thermodynamics models
(i.e., Kedem-Katchalsky and Spiegler-kemdem models); nonporous or homogenous model (i.e.,
solution diffusion, solution diffusion convection models); and pore flow models (i.e.,
Hagen-Poiseuille, Kozeny Carman models). Some models also include the electrostatic effect to

describe the relationship between charged membranes and charged solutes [60].

24.1. Classical solution-diffusion model

NF/RO membranes are considered as nonporous membranes, and the main mechanism for
solution and solute to pass through the membrane is by diffusion. Londsale developed the
classical solution diffusion model (SD) in 1965. The SD model is based on the following
assumptions: 1) Solute and solution diffusion both occurs across the nonporous membrane; 2)
Diffusion for solute and solution are separate and driven by its own chemical potential gradient

across the membrane; 3) The chemical potential gradient is determined by the concentration
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difference and pressure difference across the membrane [60].
SD model is developed based on Fick’s law, which assumes the flux of water is only

governed by diffusion. The equation of Fick’s law is expressed as

dc;
] = _Did_zl Eqn (1)

where dC,; /dz is the concentration gradient of solution i across the membrane, D, is the diffusivity

in the membrane. According to Henry’s law, the chemical potential gradient for water is

expressed as

— 0 Cw
Uy =pu° +RT -In A Eqn (2)
0

where C,, is the water concentration in membrane and C, is 1mol/L. After taking the derivative of
both sides, the expression becomes

dcC
du, = —RT - (=) Eqn (3)

w

Substituting Eqn (3) into Eqn (1), yields

Dwm Cwm d.uw Dwm Cwm A.uw
= ~ Egn (4
Jw RT dz RT Ax an (4)

where Ax is the membrane thickness. Membrane water chemical potential change is expressed as
Au,, = RT - In(AC,,) +V,, - AP Eqn (5)
where Vi is solution molar volume. The osmotic pressure of a solution at a certain concentration,
C,, can be expressed as
—RT
n =——I(C,) Eqn (6)
VW

After integrating equations Eqn (6) and Eqn (5), the membrane water chemical potential

becomes
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Apy, = =V, -+ V, - AP Eqn (7)

Combining Eqn (7) and Eqn (4) gives the final expression for solution flux,

Dy Conw Vi
Jw = 22 (AP — Amr) = A(AP — Arr) =

mol
E 8
RT Ax [ an (8)

m2s
Classical diffusion model assumes solute flux is not driven by pressure difference, but driven by

a solute concentration difference, or

dCsm ACsy,

Jo = =D =g~ = Dom =g~ Fan®)

Where AC,, is the concentration difference across the membrane, D, is the diffusion coefficient
in the membrane matrix. The concentration in the membrane can be related to the feed and
permeate concentration times a partition coefficient K, and the final solute flux equation is
expressed as

mol

Dgm K,
Js = Srzxsm (Cr— Cp) = B(Cr — Cp) = [E Eqn (10)

Where B refers to solute permeability, by combining Eqn (10) and Eqn (8), gives

]5=B-AC=]W-Cp Eqgn (11)
B- (CF - CP) Cp (CP - CF) + Cp
N = . E 12
Cr Jw Cp Jw Cr qn (12)
C-—C
y = Rejection Eqn (13)
F

After substitution, Eqn (12) can be written as

_w
"~ Jw+B

R Eqn (14)
The benefit of this model is that only two parameters need to be characterized, water

permeability (A) and salt permeability (B). This classical model has been used widely in
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determining salt rejection and organic rejection of membranes. But Mazid [61] indicated that SD
model is limited for many RO membranes because of imperfections in commercial RO
membranes, which means that mass transport occurs is not only by diffusion, but also by
convection. In addition, SD model does not account for concentration polarization, the buildup of

salt at the membrane surface, which occurs in real operating conditions.

24.2. Kedem-Kechalsky model

Kedem-Kechalsky model (KK) was developed based on linear irreversible
thermodynamics. The model is based on the assumption that the membrane system is close to
equilibrium, and that the system can be viewed as an assembly of small local equilibriums.
However KK model is limited to membrane systems with two-component solutions; a diluted
solution and a well stirred condition [62]. KK model defines J,, as a function of applied pressure
and osmotic pressure, and written as [62]

Jw = A(AP — oAm) Eqn (15)

Js = BAT + (1 — 0)Cqyglw Eqn (16)
where A is water permeability, B is solute permeability, and o is refection coefficient. C,,, is the
averaged concentration of membrane of feed side and permeate side. A is the osmotic pressure
difference defined as
Am = RT(AC) Eqn (17)

Some important parameters like A, B and o in the KK model are expressed as
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Jv

=— E 1
A=2p_, an (18)
AP
B=— Eqn (19)
AT[]U=0
Js
g=-— Egn (20
ATy qn (20)

when the o equals to 1, the membrane is fully rejecting allowing only solution to pass through
membrane and fully rejecting solute. When the o equals to 0, membrane is nonselective.

Since KK model considers the membrane filtration process as a black box, it can be used
for any kind of membrane. Kovacs et al. [63] applied KK model to calculate the permeate flux
and rejection of diprotic amino acid compounds by NF membrane with satisfactory accuracy.
Maria et al. [64] found that the water permeability decreased as the concentration of ethyl
alcohol and glucose increased. The drawback to this model is that the coefficients have a
dependence on concentration, therefore, Spiegler and Kedem developed another model called

Spiegler-Kedem model to overcome this disadvantage.

2.4.3. Spiegler-Kedem model

The Spiegler-Kedem model (SK) is developed on the foundation of the KK model and
irreversible thermodynamics. The main difference between SK and KK is that the SK model
normalized the water permeability and salt permeability to the membrane thickness. The SK

model is expressed as [65]
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A

I, = d—; (dP — odn) Eqn (21)
dc
]s = PAXE + (1 - O-)Cavg]w qu’l (22)

where A, is intrinsic membrane permeability, dx represents local distance of membrane thickness,

P is local solute permeability. Eqn (22) can be integrated across the membrane to yield [66]

Ry =1-2 g t=F Eqn (23
real — Cm_al—JF ql’l( )
1_
F = exp (—],A) = exp (—]W(Ta)) Eqn (24)

After applying the film theory model, the expression becomes [67]

K — {1 —exp l_]W(lT_U)l} exp (—%) Eqn (25)

1-R 1-o0
Eqn (25) is the final equation for Spiegler-Kedem film theory model. The membrane
characteristic parameters (B, o and k) can be determined from experimental data of R and J,, and

using the technique of non-linear regression.
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CHAPTER 3

THEORY AND EXPERIMENT
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3. Theory and Experiment
3.1. Extended Solution-Diffusion-Convection (xSDC) Model
3.1.1. Water transport

The xSDC model developed by Wang et al. [68] incorporates membrane structure
parameters such as porosity (&), membrane pore size (r,), membrane thickness (Ax) and
solute-membrane-solution interaction energy based on the classical diffusion model. Equation of
thevolumetric flux through the membrane can be written as

Jw = MV—‘; (AP — Am) = A(AP — Anm) = [?] Eqn (26)

RT A

where K, is water solubility coefficient in the membrane, which is described as

concentration of water in membrane C}}

wm

concentration of water in feed - C_£ Eqn (27)

mass of water in memebrane
Cy =

volume of membrane

mass of water in membrane
1 Eqn (28)
membrane porosity

volume of membrane poreX

— (P
=C,¢

Che

Kym =—f=¢-s Eqn (29)
CW

Dym = KD Eqn (30)

where ¢ represents the solution membrane partition coefficient. Combining all the equations

30



above (26-30) together yields

— deD\Z)d)Vw &

Jw RT E(AP — An) Eqn (31)

where K, is diffusion hindrance coefficient of water; D, is bulk diffusion coefficient; € is

membrane porosity; ¢ is solution membrane partition coefficient, which is expressed as [69]

1-1
b =2 f g(p)pdp Eqn (32)
0

where A is radius of a molecule in the solution (i.e., water molecule) over membrane pore size;

g(o) is radial distribution function, which is expressed by the Boltzmann equation as follows [69]

4G,

g(p) = exp (_W Eqn (33)

Combining the solute partition model with the volumetric flux model (Eqn 26) yields

— ]w — deD\Z)S
AP — An Ax

V, AG
% (1—A)%exp (— k—7fv Eqn (34)

A

where AG,, is the water-membrane interaction energy defined below,

AG,, = —24s( [V VY + Vi Vi + v Eqn (35)
and ;" is the apolar (Lifshitz-van der Waals) component of the surface tension, y," and y; are
the polar (electron-acceptor and electron-donor, respectively) components of the surface tension.

A (A = nr,’/2) is the contact area between a water molecule and the membrane surface.
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3.1.2. Solute transport
In the xXSDC model, the transport mechanism of solute J, (kgrm™s™) is composed of both

convention and diffusion components. The original xSDC equation is expressed as [20]

dc ]
Js =J§ +J§ = —KaD ——+—=K.C Eqn (36)

dx ¢
where K, and K, are diffusion hindrance and convection hindrance factors, respectively. C is the

solute concentration in the membrane. The observed solute rejection can be obtained by

integrating using the following boundary conditions.

atx=0:c(x=0)=9,8C,;
atx=Ax:c(x=Ax)=¢,C,;
to obtain,

®K,
R=1_ PPKc

Eqn (37
1—-((1—-®K;)exp (_];Cf(scglj)) qn (37)

Bungay and Brenner proposed [70] that K, and K, are function of A (A = r/r,, 0 < A < 1), which

are defined as follow

K. =(2—(1—2)?)(1+0.0541 — 0.9884% + 0.44123)  Eqn (38)

K, =1—231+ 1.1544% + 0.22423 Eqn (39)

where ¢ is the solute partition coefficient that can be expressed as

1-2
¢ =2 f g(p)pdp Eqn (40)
0
AG
9(p) = exp (-5 Eqn (41)
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where AGs is solute-membrane-solution interaction energy, which can be calculated by the

Dupré equation as follows [71]

AG; = ADGgy = 24 [\/VSLWVLLW VY = vl -
Y V(s v =) e (U + V- Eqn (42)
V) = vdve = s )]

The xSDC model includes both solute diffusion and convection because NF/RO

membranes are not absolutely impermeable barriers as any defects on the membrane surface
would induce solute convection along with water flux. The xSDC model accounts for membrane
structure parameters such as membrane pore size and structure factor, which are the key
elements in membrane performance. This model also includes the membrane-solution interaction
energy, which reflects the degree of solute partitioning into the membrane. Therefore, the xSDC
model will greatly enhance the description of the mass transfer phenomenon by incorporating

energetic interactions between solute and membrane, and membrane structure parameters

3.1.3. General description of xXSDC model

The xSDC model is visualized through Matlab® programing, which may help to understand
the relationships among water permeability, solute rejection and other parameters in the model.
Figure 3.1 shows that water permeability declines as water-membrane interaction energy
increases. It also shows that water permeability increases as A(r,/r,) and membrane structure
factor decreases. Figure 3.2 reveals that membrane tends to show poor rejection when

solute-water-membrane interaction energy is low. Comparing with A4 (r/r,), the membrane
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structure factor has less impact on solute rejection.

AGw =-3*10"21J AGw=0] AGw =3%10721J 2
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Figure 3.1. Combined effects of membrane structure factor, membrane pore size and
water-membrane interaction energy on water permeability.
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Figure 3.2. Combined effects of membrane structure factor, membrane pore size and
solute-water-membrane interaction energy on solute rejection.
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3.2. Membranes: NF90, NF270, and XLE

In this research three widely used membranes were evaluated: NF-90, NF-270 and
low-pressure reverse osmosis (LPRO) XLE (Film Tec Corp., Minneapolis, MN). Membranes
were shipped as flat sheets and all stored in deionized water (NanoPure water) at 4°C before use.
According to the fact sheet provided by Film-Tec, the selective layer of NF-90 and XLE are
made of polyamide, the structure of which is shown in Figure 3.3 (a). NF-270 has a
semi-aromatic selective layer derived from piperazine as shown in Figure 3.3 (b). All the
membranes are negatively charged above pH 3 [72]. Carvalho et al. [73] revealed that membrane
surface charge under pH 7 and 30um/cm KCl solution were -24.9, -21.6 and -3.2 mV,

respectively.

(6] o o
H2N\©/NH NH : NH 2 A
o=
HO” 0 -
(a)

(b)

Figure 3.3. Chemical Structure of (a) Polyamide and (b) Poly piperazine.
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The chemical structure indicates that polyamide is fully aromatic containing benzene rings,
which makes the membrane structure tighter. On the other hand, semi-aromatic piperazine has a
less rigid structure than polyamide, which makes the membrane structure looser. Also,
semi-aromatic piperazine adopts a chair conformation in three-dimensions, which means the
inter-monomer structure is looser than polyamide. From these structural aspects, we can expect
that membrane pore size for NF-90 and XLE are smaller than NF-270. Plakas et al. [74] have
reported that membrane pore size of NF90, NF270, and XLE obtained from Atomic Force
Microscopy (AFM) were 0.55+0.13, 0.71+£0.14 and 0.67 nm, respectively. The NaCl retentions
were 99.5%, 66.4% and 95.9%, respectively [74]. Hence, membrane pore size and membrane

surface charge have great impact on salt rejection.

3.3. Solutes: Ethylene Glycol and 1,4-dioxane

Ethylene Glycol (EG) and 1.4-dioxane were the solutes chosen for rejection testing.
Physical-chemical properties of EG and 1,4-dioxane are shown in Table 3.1. EG is a short chain
compound with a stokes radius of 0.183 nm. It is neutral organic molecule in water because of its
high pKa. 14-Dioxane is a ring compound with a stokes radius is 0.23 nm. It is also an
uncharged organic molecule due to no dissociable functional group. Thus, these two compounds

are good candidates for uncharged solutes for the rejection test.
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Table 3.1. Physic-chemical properties of EG and 1,4-dioxane.

Molecul tok
. orecurat Molecular S © ei Diffusivity'"”!
Organics Weight radius ) pK, pPK..
Structure (cm/s)
(g/mol) (nm)
EG 62.07 o > 0183 1.16x10° 1427 136
O
1 A-dioxane 88.11 () 023 097x10° 2927 027"
O

Stokes radius was calculated according to classical stokes equation

3.4. Water chemistry: Concentration, pH, Divalent ions

Three different categories of water chemistry were used to evaluate all solutions tested:
concentration of solutes, pH of solution, and composition of divalent ions. Concentrations of
SmM, 50mM, and 500mM of NaCl solutions were tested in order to represent fresh water,
brackish water and seawater, respectively. pH were adjusted ranging from 3 to 11 to cover the
optimal operating pH range for polyamide membranes. Ca** and Mg®* are the common ions
chosen in the water to demonstrate the effect of divalent ions. The ionic strength for pH and
divalent sections were maintained around 50mM NaCl. The temperature of the feed solution was

maintained constant at 20°C under stirring using a chiller (Thermo Fisher, Hampton, NH).

3.5. Analytic method

Conductivity and pH of feed and permeate water were measured using a callibrated pH and
conductivity meter (Thermo Fisher). Water volumetric flux (ml/min) was recorded three times at
each pressure by GJC flow meter (London). Permeate samples were all measured for
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non-purgeable organic carbon (NPOC) by using TOC (Shimadzu). TOC taken to be the average

of three measured values.

3.6. Contact angle measurements

Three membranes were rinsed with DI water and stored in a desiccator for 3 days before
use. The instrument for contact angle was bought from KRUSS (Germany). Two polar solutions
and one apolar solution were titrated on each membrane. DI water under ten chemistries was
used as polar liquid and the other two liquids were diiodomethane (apolar) and Glycerol (polar).
At least fifteen equilibrium contact angles were measured for each membrane. The highest and

lowest values were discarded before taking the average contact angle.

3.7. Membrane surface tension parameters

Membrane surface tension parameters in ten different water chemistries can be calculated
using the Young-Dupre equation [71].

(1 + cosB)y, = 2 (Jy,é,_WJyLL_W + v+ \/y_l\;\/y_:) Eqn (43)

where 6 is contact angle between solution and membrane, y;*" is the apolar (Lifshitz-van der
Waals) component of the surface tension, which represents organic part of membrane; y,” and y;
are the polar (electron-acceptor and electron-donor) components of the surface tension, which
represent hydrophobic part and hydrophilic part, respectively. The apolar and polar data for
solution can be acquired from previous literature. Based on Eqn (43), three contact angles of

known solution can determine the surface tension parameters of one membrane, and vice versa.
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3.8. Performance testing

Six pieces of membrane were used at each time, and each membrane has two replicates.
Membranes were all compacted at 450 psi for 16 hours with recirculating DI water. Membrane
flux was measured and ensured it was stable (membrane compacted) before proceeding. Organic
solute was added into feed water tank after adjusting water chemistry. Then, the system was run
12 hours at 280 psi to reach to equilibrium in order to eliminate the effect of adsorption on the
membrane matrix as a variable. Permeate were collected at five different applied pressures. pH
and conductivity were measured immediately. Samples were all stored at 4°C before measuring
TOC. The filtration system was washed three times with tap-DI water after experiment. Water
permeability was measured after cleaning, and if the water permeability had less than 10%
variation from the previous measurement, the same membrane was used for another organic

rejection experiment under same water chemistry.
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CHAPTER 4

RESULT AND DISCUSSION
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4. Results and Discussions
4.1. Membrane characterization

The contact angles of DI-water, Diiodomethane and EG with three membranes are listed in
Table 4.1. NF90 and XLE have similar contact angles, which imply that they may have similar
membrane performance. NF270 has low contact angle with DI-Water, indicating high affinity to
water, which may reflect higher water permeability than NF90 and XLE. Surface tension
components of three solutions are listed in Table 4.2. Membrane surface tension components are
shown in Table 4.3.

Table 4.1. Contact angle of membranes with Water, Diiodomethane and EG.

Contact Angle (°)
DI-Water Diiodomethane EG
NF90 69.89+1.61 35.93+1.06 25.08+1.27
NF270 28.25+1.59 38.73+1.95 12.55+1.35
XLE 70.12+1.80 38.16+0.75 26.68+1.44

Table 4.2. Surface tension parameters of solutes.

Chemicals Yg YI§W Y; Vs
(mJ/m?) (mJ/m?) (mJ/m?) (mJ/m?)

EG 48 29 1.92 47

Diiodomethane 50.8 50.8 0 0

Water 72.8 26.22 255 25.5
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Table 4.3. Membrane surface tension parameters in ten water chemistries.

Contact Y 14 Ym 478 AGgy AGgys
Solutions
Angle (°) mJ/m*») (mJ/m?) (mJ/m* (mJ/m?) (mJ/m? (mJ/m?)
DI Water 69.89+1.61 41.64 1.14 7.027 5.66 -97.81 -44.57
NaCl 5 mM 65.52+1.51 41.64 0.88 10.82 6.17 -102.95 -35.32
NaCl 50 mM 62.97£1.20 41.64 0.75 13.33 6.32 -105.87 -29.78
NacCl 500 mM 61.00£1.39 41.64 0.66 1541 6.36 -108.08 -2543
NaCl 50 mM,pH=3 67.66£2.54 41.64 1.00 8.88 597 -100.46 -39.89
NF90 NaCl 50 mM,pH=5 64.67+0.91 41.64 0.83 11.64 6.23 -103.94 -33.46
NaCl 50 mM,pH=7 62.19+1.31 41.64 0.71 14.14 6.34 -106.75 -28.06
NaCl 50 mM,pH=9 60.93+1.39 41.64 0.65 15.48 6.36 -108.15 -25.29
NaC(Cl 50 mM,pH=11 56.26x1.89 41.64 0.46 20.82 6.21 -113.22 -14.87
MgCl, 50 mM 6144147 41.64 0.68 14.93 6.35 -107.58 -26.42
CaCl, 50 mM 64.04+£1.53 41.64 0.80 12.26 6.27 -104.67 -32.09
DI Water 28.25+1.59  40.29 0.22 52.04 6.84 -136.91 33.98
NaCl 5 mM 30.96x£1.62  40.29 0.27 49.04 7.23 -135.21 29.78
NaCl 50 mM 26.38+1.99  40.29 0.20 54.01 6.56 -138.01 36.70
NacCl 500 mM 22.80+3.51 40.29 0.16 57.51 6.05 -139.89 41.50
NaCl 50 mM,pH=3 2747+£2.38  40.29 0.21 52.87 6.72 -137.38 35.13
NF270 NaCl 50 mM,pH=5 24.46+£0.58  40.29 0.18 55.94 6.29 -139.05 39.36
NaCl 50 mM,pH=7 2391+£1.22  40.29 0.17 56.46 6.21 -139.33 40.07
NaCl 50 mM,pH=9 20.04+£1.34  40.29 0.13 59.94 5.68 -141.17 44 80
NaC(Cl 50 mM,pH=11 17.15£1.63  40.29 0.11 62.21 533 -142 .34 47.85
MgCl, 50 mM 21.13£1.92  40.29 0.14 59.03 5.82 -140.70 43.56
CaCl, 50 mM 25.71x1.77  40.29 0.19 54.69 6.47 -138.38 37.64
DI Water 70.12+1.80  40.53 1.18 7.22 5.83 -97.54 -43.23
NaCl 5 mM 70.03+2.38  40.53 1.17 7.29 5.84 -97.65 -43.05
NaCl 50 mM 67.83+2.55 40.53 1.03 9.14 6.15 -100.26 -38.44
NaCl 500 mM 67.03£2.19  40.53 0.99 9.86 6.24 -101.20 -36.74
NaCl 50 mM,pH=3 69.85+2.47  40.53 1.16 7.44 5.87 -97.87 -42.67
XLE NaCl 50 mM,pH=5 66.94+0.77  40.53 0.98 9.95 6.25 -101.31 -36.54
NaCl 50 mM,pH=7 62.96x1.84  40.53 0.77 13.86 6.52 -105.89 -27.92
NaCl 50 mM,pH=9 61.92+1.77  40.53 0.72 14.96 6.55 -107.06 -25.63
NaC(Cl 50 mM,pH=11 60.34+1.96  40.53 0.64 16.69 6.55 -108.81 -22.15
MgCl, 50 mM 65.47+2.08 40.53 0.90 11.32 6.38 -103.00 -33.41
CaCl, 50 mM 67.00£2.22  40.53 0.98 9.89 6.24 -101.24 -36.67

The free energy of interaction between a solution and a surface is represented by AGy,. The

value of AGg, indicates the hydrophilicity of membrane. The more negative value of AGy,, the
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more hydrophilic the membrane or the higher affinity for water and vice versa. AGg, refers to
the free energy of cohesion of liquid between two identical surfaces. When AGg < 0, the
cohesion between two surfaces is strong; when AGyg, ¢ > 0, the cohesion between two surfaces is
week. AGy, also refers to the degree of repulsion and attraction. The more positive the value of
AGy, the greater the repulsive force between polymer chains. Table 4.3 shows that membrane
becomes more hydrophilic with increasing NaCl concentration, pH and the presence of MgCl,
and CaCl,. The trend of AGyq; data shows repulsive force increased as salinity and pH increased.
An explanation to describe this phenomenon is to consider polymer swelling under different
water chemistries. The data suggests that the polymeric membrane swells under higher salinity
and higher pH waters shown in an increase of repulsive force between polymer chains in the

membrane (AGg).

4.2. Solute-membrane-solution interaction energy

The interaction energy of membrane-EG-water and membrane-water were calculated
according to Dupré equation, results are listed in Table 4.4. The interaction energy AG, can be
considered as the quantification of attractive or repulsive solute-membrane-solution affinity
interaction [20]. When AGys is positive, the membrane repels the solute, which means it is not
easy for solute to diffuse into membrane matrix. Verliefde et al. [20] reported that solute partition
coefficient will be low when AG > 0. Table 4.4 showed that AG of NF270 were more positive
than NF90 and XLE, which means NF270 has larger repulsion force to EG than NF90 and XLE.

Because EG is a moderate hydrophobic solute, so NF270 is more hydrophilic than NFO0 and
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XLE. It is noteworthy that all AG,, were negative for three membranes, it means there is an
attraction force between membrane and water. Beside, we noticed that AG,, of NF270 were more
negative than NF90 and XLE, which also indicates that NF270 is more hydrophilic than NFOO
and XLE.

Table 4.4. Interaction energy of membrane-solute-water and membrane-water for EG.

NFo0 NF270 XLE
NaCl 5 mM -0.03 -1.96 1.33 -2.57 -0.25 -1.85
NaCl 50 mM 0.11 201 1.46 -2.62 -0.13 -1.90
NaCl 500 mM 0.21 -2.05 1.55 -2.66 -0.08 -1.92
NaCl 50 mM pH=3 -0.15 -191 143 -2.61 -0.24 -1.86
NaCl 50 mM pH=5 0.02 -1.97 1.51 -2.64 -0.08 -1.92
NaCl 50 mM,pH=7 0.15 -2.03 1.52 -2.65 0.14 -2.01
NaCl 50 mM ,pH=9 0.22 -2.05 1.61 -2.68 0.19 -2.03
NaCl 50 mM pH=11 045 -2.15 1.66 -2.70 0.27 207
MgCl, 50 mM 0.19 -2.04 1.59 -2.67 0.00 -1.96

Ca(Cl, 50 mM 0.05 -1.99 1.48 -2.63 -0.08 -1.92
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4.3. Performance test results for EG
4.3.1. Effect of water chemistry on membrane water permeability

4.3.1.1. Effect of ionic strength
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Figure 4.1. Effect of ionic strength (NaCl) on membrane water permeability.

Membrane water permeability was evaluated while changing the ionic strength of feed
water. As shown in Figure 4.1, for all the membranes, membrane water permeability decreased
as ionic strength in the feed water increased. Among the three commercial membranes, the loss
of water permeability for NF270 (up to 33 %) was less significant compared to NFOO and XLE
(up to 47 %). XLE, which is the least permeable membrane in this study, suffered the highest lost
in water permeability (up to 47 %) under feed water with high ionic strength. For all the three

membranes, water permeability was almost fully recovered when filtered pure water through,
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indicating that dissolved ionic compounds, even at high ionic strengths, do not cause irreversible

changes to the membrane

4.3.1.2. Effect of pH
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Figure 4.2. Effect of pH on membrane water permeability.

Effect of pH on membrane water permeability was also studied in this work as presented in
Figure 4.2. For NF270, when pH was increased from 3 to 9, membrane water permeability also
increased. When feed water pH was further increased to 11, membrane water permeability
dropped. For NF90 and XLE, when pH was raised from 3 to 7, membrane water permeability
increased. When feed water pH further increased from 7 to 11, membrane water permeability

dropped. However, water permeability of NF90 and XLE were less sensitive to solution pH than
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NF270. Pure water permeability of NF270 could be complete recovered, while the changes in
NF90 and XLE pure water permeability were less reversible. The irreversibility may be

attributed to the difference in chemical composition in polyamide versus polypiperazamide

4.3.1.3. Effect of divalent ions

Divalent ions (i.e., Ca**, Mg®") are widely distributed in natural fresh and wastewater and
they have the importance to be studied. As shown in Figure 4.3, for all the membranes, water
permeability was lower when Ca® or Mg** was present in the feed compared to pure water as the
feed. Furthermore, the loss of water permeability (30 — 40 %) was more than that when the same
concentration of NaCl was used as the feed (20 — 30 %). There was no significant difference in
the reduction percentage of water permeability among three tested membranes. However, the
membrane water permeability under 50 mM MgCl, feed solution was lower than membrane
water permeability under 50 mM CaCl, feed for all membranes. It is interesting to point out that
the pure water permeability could not fully recovered for NFOO and XLE membranes (80 —
95 %), which may be attributed to the fully aromatic structure of the polymer chains. Based on
the results, magnesium ion appeared to cause more water permeability loss for all membranes
than calcium ion at the same concentration. One possible reason for these observations is the
ability for the smaller Mg>* (86pm) compared to the larger Ca** (114pm) to penetrate and
neutralize the charge on the negatively charged polymer chains, which causes the chains to
collapse and reduces free volume left for water diffusion in the membrane, thereby reducing

observed water permeability.
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Figure 4.3. Effect of divalent ions on membrane water permeability.
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4.3.2. Effect of water chemistry on EG rejection

4.3.2.1. Effect of ionic strength
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The rejection of EG by NF90 and XLE increased as ionic strength increased as shown in
Figure 4.4. There was a minimal difference observed in rejection between 5 mM and 50 mM,
while a 7% increase in rejection was observed from 50 mM to 500 mM. This indicates that the
membrane became more selective when subjected to 500 mM NaCl. NF270 showed the opposite
trends of NF90 and XLE; that is, EG rejection decreased as ionic strength increased. As the
membrane pore size and the structure factor are determining elements in membrane performance,
it is reasonable to expect that membrane pore size or structure factor changes as salinity
increased as described previously. According to the discussion of AG in the membrane
characterization section, it is expected that NF270 will be looser as salinity increases. Details

will be discussed in Section 4.5.
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4.3.2.2. Effect of pH
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Figure 4.5. Effect of pH on EG rejection for NF90 (a), XLE (b), NF270 (c) membrane (pH3=red,
pHS5=blue, pH7=green, pH9=pink, pH11=black).

As shown in Figure 4.5, rejection of EG decreased as pH increased from 3 to 11. Rejection
curves of EG were similar at pH 5, 7,9, 11, and about 7% higher at pH 3 than at pH 5,7, 9, 11
for XLE and NF90. NF270 also showed that EG rejection decreased as pH increased. Hence,

pore size and structure factor would be smaller at pH=3 than other pH values.
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4.3.2.3. Effect of Divalent ions
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Figure 4.6. Effect of divalent ions (Mg**, Ca>") on EG rejection for NF90 (a), XLE (b), and
NF270 (¢) membrane (50 mM NaCl=red, 50 mM CaCl,=blue, 50 mM MgCl,=black).

Rejection curves for CaCl, and MgCl, were quite similar, which were lower than NaCl at
same ionic strength for NF90 and XLE (Figure 4.6 a and b). NF270 did not perform the same
trend as NF90 and XLE. AGy, in Table 4.3 tells that the inter-polymers repulsive force in
divalent ions is greater than in Na" at same ionic strength for the three membranes, except for
NF90 in CaCl, 50 mM. It would be consistent to saying that membrane pore size and structure
factor are larger in a solution of divalent ions than in a solution of monovalent ions at the same

concentration.
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4.4. Membrane structural parameters obtained from EG

Membrane pore size and structure factor are shown in Table 4.5. The best fitting membrane
pore size and membrane structure factor can be calculated mathematically corresponding to
overall rejection curves, which may help to understand the discrepancy between rejection curves
for each membrane. Membrane pore sizes and structure factors of NF90, NF270, and XLE all
increase as ionic strength increase from 5 mM to 500 mM and pH increased from 3 to 11. The
observed phenomenon in pore size and membrane structure factor is consistent with reasonable
expectations in the previous section that as salinity and pH increased, the repulsive force
between polymers increased, thus resulting larger pore size and looser structure factor. The
following discussions will be focusing on water permeability, overall rejection, membrane pore

size, and structure factor in the three water chemistry categories.
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Figure 4.7. Calculated membrane pore size (right blue) and structural factor (left, red) for NFOO

(a), XLE (b), and NF270 (c).
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First, increasing membrane pore size will result in an increase in the membrane structure
factor (Ax/e), essentially causing the membrane to swell. The variability of solute rejection and
water permeability can be explained from the changes in membrane structure. As shown in the
fitting results, the pore size and structure factor of NF90 and XLE at 5 mM and 50 mM were
similar. When ionic strength increased from 50 mM to 500 mM, the pore size increased from
0.221 nm to 0.237 nm and 0.219 nm to 0.234 nm for NF90 and XLE, respectively. Structure
factor increased from 69 nm to 228 nm, 60 nm to 185 nm for NF90O and XLE, respectively.
Membrane structure swelling was caused by inter-polymer repulsive forces, which increased
from 5 mM to 500 mM. According to Section 3.1.3, large pore size results in poor EG rejection
and thick structure factor results in low water permeability. The overall effect of pore size and
structure factor is determined by the conjugated effect. Braghetta et al. [78] offered a widely
accepted explanation for water permeability decline, which is that the membrane will be
compressed at high ionic strength. Porosity of the membrane will be reduced due to the decrease
of electrostatic charge repulsion between the negatively charge polymer chains, which is
consistent with the fitting data that structure factor increased three folds from 50 mM to 500 mM.
EG rejection increased as ionic strength increased due to membrane compaction. Braghetta also
have observed that rejection of organic enhanced as ionic strength increased. The enhanced EG
rejection also may because of increased partition coefficient [79], which means membrane
becomes more hydrophilic and hydrogen bonds between solute and polymer are more easy to be
formed due to loss of electrostatic interactions.

The influence of pH on organic rejection is related to membrane surface charge and
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membrane structure. Membrane surface charge will increase as pH increase due to the
dissociation of carboxylic group. Table 4.5 shows out that membrane pore sizes and structure
increased as pH increased, which is consistent with the AGy, ; values. The overall rejection of EG
decreased as pH decreased from 3 to 11, which may be due to an increase in pore size. Bellona et
al. [80] reported that the phenomenon of increasing membrane pore size as pH increases is
because of the increase in repulsion forces within the membrane caused by dissociation of acidic
functional groups. Water permeability increased from pH=3 to pH=7, then decreased from pH=9
to pH=11. This causes a tradeoff between an increase in membrane pore size and a decrease in
membrane structure factor. Pore size and structure factor have contradictory effects on water
permeability. However, Manttari et al. [81] showed that water permeability increased as pH
increased, which is not consistent with observations shown in this study. An alternative reason
could be membrane fouling or defective pieces of membrane.

Figure 4.7 revealed that membrane pore size under solutions containing divalent cations
were larger than in NaCl. The structure factor of Ca** and Mg”* were both lower than Na* under
the same ionic strength. EG rejection decreased in the presence of Ca** and Mg**, which
indicated that membrane pore size might have increased. The presence of divalent ions like Ca**
and Mg>* will neutralize membrane surface charge [78, 80, 82] more effectively than Na'.
Especially at high concentrations of Ca** and Mg**, membrane surface charge could be positively
charged, thus resulting in an increase in membrane pore. AGy, value also showed that

membrane pore size should increase to be consistent with the trend. No data is currently
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available to show the surface charge of membrane under 50 mM divalent solution, but it is still a

reasonable hypothesis and more research is needed to be done to validate these explanations.

4.5. Real rejection and fitting results for 1,4-dioxane

1 4-dioxane rejection experiments were carried out right after EG experiment for the same
membrane and water chemistry. Since membrane structure is only affected by water chemistry,
but not trace organic solute, the model fitting structural data of EG were used to investigate the
effect of water chemistry on 1,4-dioxane rejection and solute-membrane-solution interaction

energy.

4.5.1. Effect of ionic strength

From Figure 4.8, the observed rejections of 1,4-dioxane were around 90% at low permeate
flux, then increased slowly with increasing water flux for NF90 and XLE. No difference between
three concentrations was observed for all three membranes, which means ionic strength has no
significant effect on 1,4-dioxane rejections. Figure 4.7 shows that although NFO90 and XLE
exhibited large pore size at 500 mM, the membrane structure factor also showed large value, thus
validating the explanation of neutralizing polymer charge effect. 1,4-dioxane has larger stokes

radius than EG, which is main the reason why 1,4-dioxane showed higher rejection than EG.
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Figure 4.8. 1 4-dioxane real rejection and fitting rejection curves for NF90 (a), XLE (b), NF270
(c) under three concentrations (5 mM=red, 50 mM=blue, 500 mM=black).
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4.5.2. Effect of pH
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Figure 4.9. 1 4-dioxane real rejection and fitting rejection curves for NF90 (a), XLE (b), NF270
(c) under five pH (pH3=red, pH5=blue, pH7=green, pH9=pink, pH11=black).

Figure 4.9 revealed that pH variation did not have significant effect on 1,4-dioxane real
rejections for NF90 and XLE, which also is supported by Figure 4.7 that the membrane structure
factor varied less than 3% due to pH. However, for NF270, there was an obvious trend that the
rejection of 1,4-dioxane decreased with increasing pH from 3 to 11, which may be caused by the

enlargement of membrane pore size by 8% as pH increased (Figure 4.7).
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4.5.3. Effect of divalent ions
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Figure 4.10. 1 4-dioxane real rejection and fitting rejection for NF90 (a), XLE (b), NF270 (c)
under two divalent ions (50 mM NaCl=red, 50 mM CaCl,=blue, 50 mM MgCl,=black).

Figure 4.10 indicated that divalent ions reduced the rejection of 1,4-dixane for NF90 and
XLE; NF270 did not show significant difference between divalent ions and monovalent ions.
This is consistent with the previous explanation that the membrane pore sizes of NF90 and XLE
were enlarged due to larger electrostatic repulsion of divalent ions. NF270 was not sensitive to

pore size enlargement because of its relatively low value of 4.
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4.54. Fitting interaction energy analysis for 1,4-dioxane

Fitting of the interaction energy of 1,4-dioxane (Table 4.5), by inputting the membrane
pore size, structure factors and actual 1,4-dioxane rejection curves into the xXSDC model. This is
the first attempt to calculate the interaction energy of an uncharged organic solute by the xSDC
model, which incorporates parameters such as membrane pore size, structural factor, actual
rejection and solute size.

Table 4.5. Interaction energy for 1,4-dioxane-membrane-water.

NF90 NF270 XLE
Solutions 1%(2;13 1?)(2;15] 1?)(2;15]
NaCl 5 mM 0.39 -4.52 0.65
NaCl 50 mM 3.36 -2.00 2.82
NaCl 500 mM 1.38 -0.54 0.64
NaCl 50 mM,pH=3 0.20 -2.44 0.80
NaCl 50 mM ,pH=5 2.77 -2.71 2.25
NaCl 50 mM ,pH=7 1.96 -2.85 1.88
NaCl 50 mM,pH=9 3.53 -2.48 324
NaCl 50 mM,pH=11 2.76 -2.41 1.48
MgCl, 50 mM 2.18 -2.60 1.59
CaCl, 50 mM 1.94 -2.02 1.19

NaCl 50 mM was conducted under pH=5.5

Table 4.5 shows that the interaction energy values of NF270 were all negative; it means
there is an attraction between 1.,4-dioxane and NF270. In other words, NF270 cannot reject
1 4-dioxane very well, which is consistent with what was observed. However, interaction energy
is not the dominant factor in membrane performance because the looser membrane structure of

NF270 has a greater effect on rejection performance. As the interaction energy of NF270
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increased from 5 mM to 500 mM, the membrane pore size was also increasing. Here we may
know that the attraction force is reduced as ionic strength increased, that’s why the rejection at
500 mM was a little higher than 50 mM and 5 mM for NF270. However, this also could be
induced by structural factor increase. Geens et al., [83] found that there is an effective membrane
pore radius in membrane-solute interaction, that over a certain membrane pore size, there will
always be low membrane-solute interaction.

Interaction energy of NF90 and XLE were similar and showed positive values, which is
consistent with the observed membrane structure and rejection curves. From the EG rejection
curves for NF90 and XLE, we observed this two membrane showed same rejections and higher
rejection than NF270. NFO0 and XLE have tighter inter-polymer structure than NF270. NF90
and XLE are made of fully aromatic polyamide, while NF270 is made of semi-aromatic
polypiperazine. From the polymer view and contact angle, we know NF90 and XLE are more
hydrophobic than NF270. A hydrophilic solute like 1.,4-dioxane as will be attracted to a
hydrophilic membrane and repelled by hydrophobic membrane, which explains the interaction
energy values of NF270 were negative and interaction energy values of NF90, XLE were

positive.
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S. Conclusions

This study focused on the effect of water chemistry on the membrane surface interaction
energy, membrane structure, membrane performance, observed uncharged solute (EG and
1 4-dioxane) rejection and water permeability results using the xSDC model. It could be
concluded that the membrane pore size and structure factor increases as ionic strength of the feed
solution increases. Also, increasing pH enlarges membrane pore size and structure factor and the
effect of pH is less significant than ionic strength. Water chemistry has less impact on membrane
pore size than membrane structure factor. By calculating membrane structure changes, this
research provides supportive evidence regarding membrane transport mechanism to explain
variations of membrane performance under different water chemistries. Based on the xSDC
model, both steric and chemical interactions determine NF/RO water permeability and organic
solute rejection. For the commercial NF/RO membranes tested, solute rejection was most
sensitive to pore size within a reasonable range of solute-membrane interaction energies, while
water permeability was most sensitive to the membrane structure factor (i.e., effective thickness).
Solute-membrane-solution interaction energy also plays an important role in the xSDC model,
which characterizes solute partition coefficient through its chemical properties, but its effect is
less significant compared to the membrane structure. The xSDC model is a useful tool, which
may help to reveal more fundamental, mechanistic insights into the relationship between
membrane structure, chemistry and performance, and ultimately, to make better membranes

tailored to different water treatment applications.
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