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Abstract

Improved methods of providing safe drinking watee assential in an era in which
demand for water is increasing but surface watpplées remain scarce. Desalination
of brackish groundwater via membrane filtration hwibanofiltration and reverse
osmosis (NF/RO) offers a solution to this problefs such, the overall motivation of
this study was to improve mechanistic understan@hdlF/RO. The first main aim
was to evaluate the performance of a renewableggnmaembrane system previously
tested with real groundwater and varying energyditams. Given sufficient solar
availability, the system reliably removed salts andrganic contaminants, although
solute retention varied with energy (and consedyemtessure and flow) and pH,
depending on dominant retention mechanisms. Toensemain aim was to assess the
specific impact of pH on inorganic contaminant remloin a bench-scale filtration
system. The speciation of boron, fluoride andatgtwas linked with ion retention as a
function of pH, with results suggesting that theray be important mechanisms such as
ion dehydration controlling transport in NF/RO, wihiwould explain the high retention
of fluoride when compared to nitrate. The thirdimaim was to determine the
importance of ion hydration in determining trangpaoising molecular dynamics
simulations of monovalent anions transporting tigftoan idealized pore. Simulations
demonstrated that energy barriers of transport steomgly dependent on ion properties
and pore size and were directly attributable toydedtion. The final aim was to
experimentally verify molecular dynamics simulagoby quantifying energy barriers
for ion transport in NF membranes. Experimentdidyermined energy barriers were
also solute and membrane-specific, with fluorideimg a higher barrier than other
solutes. Comparison of results with expected dediygh trends and molecular
dynamics corroborated that energy barriers in nliradgfon may be due to dehydration.
The results obtained in this thesis provide newights into NF/RO transport
mechanisms, which may contribute to improvementscumrent technologies and

predictive models.
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Chapter 1

Introduction

“Water is fundamental for life and health. The famright to water is
indispensable for leading a healthy life in humagndy. It is a pre-requisite to
the realization of all other human rights” — Unitéthtions Committee on

Economic, Cultural and Social Rights, 2002

This chapter introduces the broad context of tlésearch project. The provision of
safe drinking water is critical in an era in whit¢he world’s population is increasing
rapidly but safe water supplies remain scarce. tker, in a number of remote
locations, water and energy are inextricably linket, thus, the synergy between them
must be addressed when considering either. Oftenohly water available in these
areas is brackish groundwater which requires treatirbefore consumption in order to
reduce levels of bacterial and chemical contamiadatsafe levels. Nanofiltration and
reverse osmosis (NF/RO) membranes are able totigd#lc remove a number of
contaminants from drinking water. NF/RO systemwgred by renewable energy
provide a promising technology for water treatmémtremote areas due to their
independence from grid electricity, generally hrgmoval of contaminants, low energy
consumption and modularity. This chapter provittess context and motivation for the

rest of the work presented in this thesis and cated with a description of the overall
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thesis structure. This introduction sets the sthoyea detailed literature review of ion

transport in NF/RO membranes, which is the sulgpé&hapter 2.

1.1 Motivation: The World Water Crisis

The world population is increasing at an alarmiate rwhich has been significantly
higher in the last hundred years than ever befbrgufe 1-1) [1]. The population
achieved seven billion in 2011 and is expectedxceed nine billion by 2040. As
shown on Figure 1-1, this population growth is remually distributed between
developed and developing countries. In fact, gnointdeveloping regions of Africa
and the Middle East is often more than three tigwester than in other parts of the
world (Figure 1-2). A major concern with populatigrowth arises because the earth’s
resources are limited and also unequally distrthutand thus it is becoming
increasingly difficult to match resources with tr@wing demand. In particular, this is
a concern for resources such as water, oil and. fabdter scarcity is the focus of the

work presented in this thesis.
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Figure 1-1. World population from 1750 to 2050, adated from [1].
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Figure 1-2. Population growth distribution [2].

Water scarcity is already a significant global am¢ and the current population growth
will only exasperate the problems if nothing is dorCurrently, 884 million people lack
access to an improved drinking water source [3]iclwhs only defined as a public
standpipe within one kilometre of one’s dwellinfhe people affected by the lack of
access to drinking water are often disproportidgateomen and children, who are
generally responsible for water collection. Thssfurthered because men sometimes
take employment in places away from the home withreadeveloped infrastructure.
The great majority of people without access to mnpd water sources, 84%, live in
rural areas where generally infrastructure is lagkand poverty is prevalent [4]. An
estimated 3,900 children are killed every day frillmess related to unsafe drinking
water and inadequate sanitation [5]. The statistie even worse for the number of
people living in water-stressed areas. An astoyn@i3 billion people live in water-
stressed areas (Figure 1-3), and this number iscteg to climb to 3.5 billion by 2050
[6]. In addition to direct effects on human hedlth increased concerns about water
scarcity are also linked to ecological effects sashthreatened river biodiversity [8].
These harrowing statistics highlight the severitgd argency of the current water crisis
and put forward a call to action for a concertefdréfto do everything we can to help

ourselves and our global community.
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Figure 1-3. Areas of physical and economic water srcity. Red: physical water
scarcity (more than 75% of river flows are allocatd); Light red: physical water
scarcity (more than 60% of river flows are allocate); Orange: Economic water
scarcity; Blue: Abundant water resources relative ¢ use (less than 25% of water
from rivers is withdrawn for human purposes); Grey: not evaluated [9].

As a result of this global water crisis, the Unit¢dtions has declared the years 2005 to
2015 to be the International Decade for Action "@&br Life’ [10]. The purpose of
this declaration was to promote efforts to fulfiternational commitments made on
water and sanitation issues by the year 2015. hatlargest-ever gathering of world
leaders at the United Nations Millennium Summit2@00, an integrated set of time-
bound targets were developed to be met by 201%esd&targets are collectively called
the Millennium Development Goals and their oveeath was to extend the benefits of
globalization to the world’s poorest citizens. T&pecific objective of Target 10 was to
cut in half the proportion of people without sustdle access to safe drinking water
[4]. In 2002, this target was further expandedhtdude basic sanitation, as water as a
resource was recognized as being critically integraneet each and every one of the
Millennium Development Goals. While progress hagrb made in achieving these
goals, significant work is still necessary, paraely in sub-Saharan Africa where goals
will not be met if current trends continue. A vegrysitive note is that improvements in
drinking water and sanitation are currently estedatio reduce the number of children

who die each year by 2.2 million [3].



Chapter 1. Introduction

1.2 The Synergy Between Water and Energy

In rural communities, where the majority of people lacking access to clean water,
natural water sources such as groundwater, surfeater (rivers and lakes) and
rainwater are often used to meet water requiremerfitisese sources of water often
contain bacterial and chemical contaminants whiah ©e dangerous for human
consumption [11], and frequently, these water sesu@re left untreated. There are a
number of reasons for this, a significant one beihgt the location away from
population centres makes remote areas naturallgepto reduced infrastructure and
management capabilities. In the absence of watestructure, community or house-
hold level solutions are necessary, which oftemdbeffectively happen due to high
costs (economies of scale cannot be exploitedeahtiusehold/community level), lack
of materials €g.for chemical treatment), technical difficulty, kaof maintenance plans
or know-how, lack of education, inappropriate sggratechniques leading to re-
contamination or other socio-cultural factors [12Problems are compounded by the
fact that rural areas are frequently not consideigthg central energy planning, either.
Of the 1.5 billion people with no access to eledlyi 85% live in rural areas in
developing countries [13]. This leaves a signifigaopulation who live in remote areas
without access teither electricity or clean water. In these areas, wlatdo overlap
with regions of highest population growth, wated @mergy must be addressed together

and addressed urgently.

The synergy between water and energy is not lintibeckmote communities. In fact,
the concerns are wide-spread and relevant to induateas too, where water demand is
higher. With the increasing population and incregglemand of all resources, water
needs to be secured in different ways than has deea previously, in remote and
populated areas alike [6, 14]. In arid parts a#rahe world, groundwater resources are
dwindling and thus the supplies that remain areoiyégg increasingly brackish as
withdrawal continues to increase. The increasinipdkawal of water is clearly see
when a comparison is made between 1995 and prdjeetz in 2025 (Figure 1-4) [6],
and a challenge remains in defining and managingation-specific sustainable
extraction rates for groundwater. Consequentlgreiasing interest in the desalination
of brackish groundwater and seawater has led desian to be at the forefront of
current research efforts [6, 15]. A particulareash interest is to increase the
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performance and decrease the energetic expensesaliration by novel technologies

such as more efficient membranes and carbon nae®{db].

1995 2025

Water withdrawal as percentage |
of total available

M over 40% M 20%-10%
1 40%-20% [ Less than 109

Figure 1-4. Water withdrawal in 1995 and 2025 [6].

1.3 Contaminantsin Drinking Water

As previously mentioned, the presence of potentia#alth-threatening bacterial and
chemical contaminants is an important concern wgtimote drinking water supplies.
Surface water (lakes, rivers and streams) is omentan source of drinking water in
developing countries. Raw surface water often aiostbacteria, protozoa or larvae
which make the water unsafe for drinking withowatment [11], however chemical
disinfection or filtration can be effective in remiog these contaminants. Bacterial
surface water contaminants were not dealt withhis study, but a brief mention

remained warranted.

As a safer alternative to surface water, groundwatEequently used and considered to
be the most affordable, sustainable and securervgtgply in rural areas [17].
Groundwater constitutes more than 97% of globahrevater [18]. Groundwater is
stored beneath the earth’s surface in undergroguadeas, rock, and soil, and thus must
be pumped up to the surface for access. Borelbléspths roughly around 100 m are

required to reach deep water aquifers and manystgp@umps (electrical, hand, bike)
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have been used to deliver water from boreholes.[19} major advantage of
groundwater is that it is generally protected froomtamination by microbial pollutants
[20, 21]. Additionally, because it is stored deepl the earth, groundwater is less
affected by drought and seasonable variations twaface or rain water. Another
advantage is that a groundwater well, if there uffigent water, can be located
relatively close to its point of use, as comparmea tsurface water resource which can

require hours of collection time in dry regionssas sub-Saharan Africa.

However, the use of groundwater also has disadgastand associated concerns.
Although groundwater does not typically have micabbontaminants, it does contain a
number of inorganic salts and trace contaminantglwbhan be health-threatening if
consumed. These will be discussed specificalihenext paragraph. The majority of
these inorganic contaminants are naturally-occgrimowever anthropogenic activities
such as agriculture and mining can also cause ilegabf nitrogen-rich fertilizers,
dangerous pesticides and other chemical contansinata groundwater. A significant
concern is the contamination of wells, in particufeom shallow aquifers, from
sanitation facilities like pit latrines. Rapid umtrialization and population expansion
are leading to the contamination of shallow agsifieeing an increasingly widespread
problem [21]. A major issue with groundwater isttlturrent sources are becoming
depleted and increasingly saline, due to over-wétval in certain areas. Higher salt
levels in the groundwater may become even morewsedue to climate change which
is predicted to affect groundwater supplies byeased salt intrusion due to rising sea
levels [22].

Many naturally-occurring inorganic compounds can fesent in groundwater.
Because groundwater characteristics depend on glerncombination of geology,
weather patterns and geomorphology (the processeshwshape landforms), the
chemical composition and availability of groundwatehighly variable throughout the
world [23]. Some groundwater contaminants are demg for human consumption,
and in light of this the World Health OrganizatigqdHO) and other individual
governments have developed drinking water standtodadvise of adverse health
concerns and acceptable levels of contaminants [Cnsumption of solutes such as
arsenic, boron, copper, fluoride, nitrite and né@rabove recommended guideline values

can lead to significant health impacts [11, 24,. 25For example, millions of people
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worldwide are at risk of acute chronic arsenic poisg due to arsenic naturally found
in groundwater [26-28]. Well-known high arsenicogndwater areas include
Argentina, Chile, Mexico, China, Hungary, West Balhdangladesh and Vietnam —
with more than 40 million people drinking water t@ning excessive arsenic
concentrations in the Bengal Basin alone [29]. Ghana, concentrations of iron,
manganese, arsenic, fluoride, lead and chromiuniale been found to exceed the
WHO drinking water guidelines [28]. These contaamts may be naturally present in
the groundwater, or may be caused by land-userahgiry. Most notably, Ghana has
a long history of gold mining, and an undesired semuence of the mining is the
contamination resulting from the release of contemnis such as arsenic and mercury
into both water and air in the surrounding and detveam areas [28, 30]. Other
compounds, such as calcium, chloride, magnesiumgarese, phosphate, potassium,
sodium, and sulphur, have no currently known neggathealth impacts at the
concentrations typically found in drinking watertbonay have aesthetic consequences
such as taste and smell that make the water lessaldie for consumption [11, 24, 25].
In order for remote drinking water supplies to besibeneficial to communities, it is

important that the water is desirable from bothlthe@nd aesthetic perspectives.

The inorganic contaminants boron, fluoride, nitrated nitrite are of particular
relevance to this project so the potential heditedats of these natural groundwater
constituents will be discussed individually. Borexposure is associated with short-
term irritant and organ effects, however chronkididy in humans has not been clearly
defined. The recommended guideline value for bisch4 mg.L}, but as boron is very
difficult to remove using conventional water treatm processes, the recommendation
is that local regulatory and health authoritiesudtiacconsider a value in excess of 2.4
mg.L* by making a rough estimate of exposure from oswirces [31]. Fluoride
exposure via drinking water of concentrations ab@® mg.L* can lead to dental
fluorosis (which affects teeth enamel), and grettan 10 mg.[* can lead to skeletal
fluorosis (which affects bones) [32]. Nitratednnking water is of concern mainly due
to its reduction to nitrite, a toxic contaminanadéing to methaemoglobinaemia (baby
blue syndrome), which causes reduced oxygen trangpobodily tissues and is
particularly dangerous for infants [11]. The guiidke value for nitrate in drinking water
is 50 mg.L* and for nitrite is 3 mg.E (short-term exposure) and 0.2 mg.{provisional

long-term exposure) [11, 33]. A summary of theraloal contaminants which were the

8
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focus of the work in this thesis is shown on Tablé. The presence of inorganics in
groundwaters is spread over the world, and as ampbe, the distribution of fluoride in

concentrations exceeding the guideline value ofiga.* is shown in Figure 1-5.

Table 1-1. Summary of selected chemical drinking ater contaminants with WHO
guidelines and associated health concerns [11]. ueride, nitrate and nitrite were
the primary focus of the work completed in this thais.

Contaminant WHO Guideline Health Concern
(mg/L)

Arsenic 0.0% toxicity, dermal legions, vascular disease,
carcinogenic (skin, bladder, lung). Arsenic is
most commonly present in water as Asut is
likely to be A¢®in anaerobic conditions. A%

Is considered the most toxic form.

Barium 0.7 hypertension

Boron 2.2 short-term irritant and organ effects
Chromium 0.05 possible carcinogen
Fluoride 1.5 dental and skeletal fluorosis
Manganese 0.4 none, guideline is aesthetic-based
Nitrate 50 reduces to nitrite
Nitrite 3 (short-term); 0.2 toxic, leads to methaemoglobinaemia
(provisional long-term) (particularly dangerous for infants)
Selenium 0.01 long-term toxic effects in humansr(tiaer,
nails)
Uranium 0.018 possible carcinogen

®Provisional guideline due to scientific uncertastregarding toxicology/epidemiology and/or due to
difficulties regarding technical achievabilifRecommended guideline
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Figure 1-5. Locations where the fluoride levels ingroundwater exceed the
guideline value of 1.5 mg.L* (taken from [34]).

1.4 The Casefor Membranes

A number of conventional and advanced water treatrteehnologies exist which can
reduce concentrations of both bacterial and chdnsimataminants in drinking water.
Conventional treatment methods generally involvecambination of coagulation,
flocculation, clarification, filtration and disinféon [35], which are effective for some
chemical contaminants but less-so for others. Aathr comparison of different
processes and the water quality problems addressttbwn on Table 1-2. Advanced
water treatment technologies include methods sschdaanced oxidation, ultraviolet
disinfection and membrane processes. Advancedrii@atment technologies have
been developed in order to achieve better perfocmanr efficiency (in terms of
energetic, economic or physical space) than comuv@attreatment processes. One type
of advanced water treatment technology, membrameepses, is the focus of this work.

10
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Table 1-2. Summary of main water treatment procegs and the water quality
problems addressed [35]. Membrane processes areosim in bold.
Primary Treatment Objective

Process 1 2 34 5 6 7 8 9 1011 12 13
Coarse screening X

Fine screening X

Raw-water storage X X

Preliminary settlement X

Aeration X X

Air stripping X

Coagulation and flocculation XX
Gravity clarification X X
Dissolved Air Flotation X X
Slow sand filtration X X
Rapid gravity filtration X X
Microfiltration X X
Ultrafiltration X X

Reverse

osmosis/Nanofiltration X X X X
Activated carbon adsorption X X X

Pre-ozonation X X X X X
Post-ozonation X X

lon exchange X

Chemical oxidation X

pH control X X
Phosphate dosing

Chlorination X X
Ultraviolet Disinfection X X X

"1: Debris; 2: High sediment load; 3: Turbidity;@olor; 5: Taste and odor; 6: Iron and manganese; 7:
Nitrate; 8: Pesticides; 9: Volatile organic compdsin10: Cryptosporidium; 11: Salinity; 12: Alga&: 1
Microbiological quality

X X X X X
X X X X X X
X X X X X X

The term “membrane processes” collectively refera thumber of different types of
membrane technology, namely reverse osmosis (Rpfitration (NF), ultrafiltration
(UF) and microfiltration (MF). Membranes are esidly a selective barrier which
separates different dissolved solutes or particiesater to varying degrees. Particles
or solutes removed range in size from tiny singlesi(as small as10'°to 310°m
radius) to molecules, bacteria, and even largetiges (up to 100um) [35]. A
schematic showing these different membrane type$ their general distinctions
follows in Figure 1-6. Because the primary intéresthis project was to remove
dissolved salts and inorganic contaminants, as ratevant to desalination, the
discussion will focus on RO and NF. RO membramesraughly defined as those

which near-completely remove all mono- and multewa ions. NF membranes are
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roughly defined as those which are slightly morerophan RO, having slightly higher
fluxes and letting most monovalent ions pass. diegnctions between RO and NF are
certainly not hard and set, but RO is generallyepted to be a denser material with
higher retention and lower flux, as compared towdfich is more porous and has lower
retention and higher flux. A point of controverssmains in the field about where
actual nanofiltration “pores” lie in the spectrumetleen discrete pore
(micro/ultrafiltration) and dense material (reveosmmosis) [36-38], but the presence of
“void space” within membrane polymers is generalégepted. These differences are
clearly seen on the scanning electron microscopgg&e images of a microfiltration and

reverse osmosis membrane (Figure 1-7).

“Pore” Bacteri

size  Pressure yucrofiltration \ \ \ \ \/ pgﬁiiﬂ&es
o Viruses

Ultrafiltration Macromolecules

Nanofiltration \ \ \/y Multivalentions

PBuisealoul

5

Q

(‘D .

2 _ Monovalent ions

5 Reverse Osmosis Micropollutants
Water

Figure 1-6. Schematic of membrane types.

RO membranes were originally developed for seawd@gealination in the 1960s [39].
Shortly after, they were also applied to brackigtiex for desalination [40]. These early
RO membranes produced very good quality permeatereiuired high pressures and
had high energy consumption (>10 kWH)n{40]. Numerous improvements were
made to the membranes, and in the 1980s, NF mepsraare developed with higher
water permeability, reduced energy consumption lameéer solute rejection [41-43].

The technologies have continued to improve draraliyicwith the aim for the ultimate

membrane to be able to provide very high water,flieery high solute rejection, low

specific energy consumption and low cost. Currendlyen though properties have
become much more desirable in recent years, tises@lli much potential and ongoing

effort in improving and developing new membraneeanats (such as carbon nanotube
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Figure 1-7. Scanning electron microscope images @&) microfiltration membrane
Sartorius SM 11127 (0.2um) at 5000x magnification [44] and (B) reverse osnsts
membrane LP21 at 5000x magnification [45].

membranes). In particular, the development ofaldiw pressure membranes has
allowed the specific energy consumption of some brames to become closer to the
minimum theoretical thermodynamic limit, when thgpked pressure is equal to the
osmotic pressure of the concentrate (around 1.0.k\WWfor seawater at 50% recovery)
[15, 46]. In fact, an energy consumption rate o8 kWh.ni® using new, high-
permeability SWRO membrane elements at 50% recoveag recently been
demonstrated [15].

RO/NF membranes were initially made from cellule®etate and variations thereof,
but subsequently a wide range of polymer matedaés in use, such as polyamide,
polysulfone and polyurea [35]. Thin film polyamideaterials have been particularly
successful because their thin nature creates ksd loss across the membrane, thus
lowering the pressure required. The two most comfiooms of membranes used are
spiral wound modules and hollow fibre modules. r&pivound modules are flat sheet
membranes layered with spacers and then woundytightl contained in a module.
Hollow fibre modules encase a group of cylindric&@mbrane “straws” which contact
feed water on one side (usually the outside) aednciwater permeates through the
membrane material. The differences are shown gur&il-8.
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Figure 1-8. Diagram of a membrane module which isA) spiral wound [47] and (B)
hollow fibre [48].

Membranes have several distinct advantages comparmezhventional water treatment
processes involving a combination of coagulatidmgdulation, clarification, filtration
and disinfection, as previously shown on Table IF@rther specific advantages are that

membranes have:

» Higher inorganic trace contaminant removal, in ipatar for boron [49, 50],
fluoride [32, 51, 52], nitrate and nitrite [43, 53];

» Effective removal of salt for the desalination ehdkish groundwater and sea
water, which has become increasingly important 8),57];

» Possibility for single-stage treatment of someatafand groundwaters;

e Modular in design; and

« Smaller physical foot-print as compared to equipirfen conventional water

treatment.

A common misconception of membranes is that a n@digadvantage is cost, however
significant improvements have been made in thia ared are expected to continue as
materials further develop. The unit cost of waterm large-scale seawater RO
production has decreased from nearly 5.00 USbimthe late 1970s to less than 1.00
USD.mi® in 2004 [40]. A recent plant in Israel (Ashkelpiant) produces water costing
only 0.53 USD.r in 2005 [40]. Brackish water desalination cossslthan seawater
due to less electrical power required for produttiand ranges from 0.10 USDrto
1.00 USD.i# [40]. Especially when economies of scale are icemed for larger
systems, cost is no longer a major barrier to tbe of NF/RO [40, 58]. Cost for
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membrane desalination plants can be broken intotatapost and operation and
maintenance costseqd. membrane replacement, energy consumption, labod, a
chemicals). In the Ashkelon seawater desalingilant in Israel, the capital costs were
59% of the total expenditure, whereas the capitat of a comparable brackish water
plant (Metropolitan plant in California) was 43%lhe capital costs of the seawater
plant were five times greater than the brackishewptant due to more extensive pre-
treatment equipment and higher pumping requiremeisergy costs were also five
times greater for the brackish plant due to highessures and lower recovery, but
chemical costs were similar. Membrane replaceroestis were higher for the seawater
plant because seawater membranes typically haveeshitetimes due to higher fouling
[40]. Disadvantages of membranes include potemiembrane fouling (eventually
leading to membrane replacement and thus additioost) and the requirement of
occasional chemical cleaning (and associated cost8) concern with utilizing
membranes in remote locations is the lack of l@adilability of suitable materials.
Another concern is the relatively high energetiguisement of desalination, however,
as discussed above, energy consumption of membpapeesses has drastically
improved recently. Further, renewable energy pedenembrane systems/plants avoid
the negative environmental consequences of an elieally expensive process and are

gaining great momentum. These systems are distussiee next section.

NF/RO membranes utilize a number of different medras to create the separation
between water and dissolved solutes, which willdiszussed in detail in Chapter 2.
The basic principle of NF/RO is that a hydrostatiessure must be applied which is in
excess of the osmotic pressure of the feed wateichweverses the natural drive of
osmosis, as shown in Figure 1-9 [40, 59]. Thiyvefiwater through the membrane
barrier but leaves certain solutes behind. Speséparation mechanisms are dependent
on solute and membrane properties and can inclzgeexclusion, charge repulsion,

convection, diffusion and adsorptive interactions.
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Figure 1-9. Basic principle of RO [59].

One key parameter in understanding specific sapargbr retention) mechanisms is

solute speciation. Speciation refers to the chahfarm in which a solute is present in

solution, and one particular solute (calcium oroflde, for example) can take on

different forms in solution depending on environtariactors such as ionic strength

and pH. Specifically, pH has a complex effect etemtion mechanisms because it not
only affects the speciation of a solute, but als® properties of a membrane. This is
very important to understanding charge interactionamembrane processes. The
literature surrounding the effect of pH on solyte@ation and retention is discussed in
detail in Chapter 2.1.3 and 2.3.5, and this topithe subject of the experimental work
presented in Chapter 5.

Information about retention mechanisms can be éurthpathered experimentally by
accessing the specific impact of parameters suclorasype, pressure, temperature,
flow and concentration on solute retention. Thegerating parameters affect system
hydrodynamics, conditions at the membrane surfaoce,the chemical properties of the
solution, thus affecting retention mechanisms. sTtupic is reviewed in detail in

Chapter 2.2 and 2.3 and is the subject of expetmhessults in Chapter 7.

Molecular dynamics is a powerful tool that can Is®dito understand fundamental

chemical and physical interactions. This has diagplications to membrane processes,
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where mechanisms can be difficult to understanoh fexperimental results due to very
complex interactions and limitations in measurenoap@bilities. Molecular dynamics,
as will be discussed in Chapter 2.5, has been tesedderstand the transport of ions in
ion channels and carbon nanotubes, but the teckmitpave not yet been directly
applied to understanding the removal of healthatem®ng contaminants in NF/RO.
This is the subject of Chapter 6.

1.5 Renewable Energy Powered Membrane Systems

The majority of membrane development has focusedlange scale application,
hindering it largely inaccessible for small-scajstems in developing countries [60].
However, this is quickly changing as recent effuat focused on the development of
renewable energy powered membrane systems (RE-raeg)br[61-64]. The
integration of renewable energy with membrane teldgy has the dual benefit of
being more resource-friendly and the potentialéddzated in remote locations that are

away from grid electrical connections [61-64].

There are several key factors commonly describeénwitieveloping a secure and

suitable water supply for a remote community [17]:

» the water is of sufficient quality for human consiion;

» the supply is sufficient and reliable throughout §ear (including changes in
availability as well as in demand);

» the water is accessible to the whole community\aitiin a reasonable distance
from households;

» the supply is affordable; and

» the supply can be easily maintained.

A well-designed and well-integrated RE-membrangesgswould meet most of the
criteria for use in a remote community in developed developing regions alike. In
fact, RE-membrane systems offer one of the moshisiag options for removing salts,
microbial and chemical pollutants from groundwaténs communities in off-grid

locations [16]. However, it should be noted thaguasition of equipment such as
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membrane modules and renewable energy equipmemtasusolar panels can be more
challenging in developing areas. RE-membrane sysigere first used approximately
30 years ago [65] and technology has developed gime first protocols into systems
for remote areas which are now cost-competitivén wiher water supply technologies
[58, 63, 64]. Systems of varying sizes operateth \whotovoltaic (PV) and/or wind
energy have now been tested across the world irr&ias [66], Saudi Arabia [67],
Jordan [68], Hawaii [69] and Gran Canaria [68]. -P¥mbrane systems are now at the
applications and advanced research and develomstegds, and total costs for brackish
water and seawater desalination range from 6.500-U$D.n® and 11.60 — 15.50
USD.m", respectively [70]. Costs are higher than grigveed systems both because
the systems are generally much smaller (and thosotdake advantage of economies
of scale) and more capital is required for renewadsiergy equipment. Recently, 14
leading European organizations have been brougjethier in a project called ProDes
(Promotion of Renewable Energy for Water Producttbrough Desalination) to

support the market development of renewable engdegglination [70].

In order to avoid the effect of energy fluctuati@mmsoperational performance, most RE-
membrane systems have used batteries to providastant energy source [66-68, 71].

However, batteries are also undesirable for seveealsons: decreased system
efficiency; decreased performance at high tempe¥atand thus higher maintenance
costs; difficulty and expense of replacing batteiie remote locations; and higher life-

cycle costing [72]. Additionally, not using baies eliminates the chance of the

system’s batteries being used for other purposddlareby rendering such a drinking

water production system useless. Therefore hietger for system cost and efficiency to
operate the system with no energy storage and systiems have subsequently been
developed [66, 69, 72-75]. A RE-membrane systethedocus of the results presented
in Chapter 4.

1.6 Thesis Overview

In summary, there is a great need for improved watatment solutions with the
increasing demand on resources and the changintateli NF/RO membranes are

excellent treatment options because of their gliditremove contaminants at the ionic
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level, which is appropriate for desalination of sea brackish water. However, there

are still improvements to be made with these teldgies such as widespread

integration of renewable energy with membrane meseg, improved materials and

better mechanistic understanding (which will becdssed in Chapter 2). This therefore

makes the area of NF/RO an exciting research argla tive potential for real

contribution to the challenges presented by thddwwater crisis.

The overall aim of this research project was totmoute to the understanding of

NF/RO processes, with the motivation that the texinknowledge obtained could

contribute to solutions to the water problem. Adut description of the four core parts

of this project follows (and will be described irora technical detail after the relevant

literature is reviewed in Chapter 2):

The performance of a renewable energy powered nambisystem was
evaluated with real varying energy conditions amatural groundwater. This
was be achieved by determining (i) the impact ofivay energy on the retention
of inorganic solutes; (ii) the role of pH in thigogess; (iii) the dominant
mechanisms of ion retention; and (iv) system penorce at different locations.
The data evaluated by the PhD candidate was pralyipuoduced during a field
trial in Australia in 2005 (Chapter 4).

The specific impact of pH on the removal of seldcigorganic contaminants
was determined, as pH is a very important parametisiF/RO performance and
varies naturally widely. This was achieved by ctatipg a study initiated by a
previous student that linked solute speciationarbh, fluoride and nitrate with
retention with six different NF/RO membranes (Cleaf).

The importance of ion hydration on determining trensport of monovalent
anions (fluoride, chloride, nitrate and nitrite) svanalyzed using molecular
dynamics simulations. This is a very poorly unteyd mechanism in NF/RO
and new information in this area would provide ghsiinto what determines
separation. This was achieved by determining hiarastructure and energy
barriers as a function of pore size, ion type amthse charge (Chapter 6).
Experimental evidence of the proposed mechanisrpadial ion dehydration

was sought. This was achieved by determining soflitx and Arrhenius
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activation energy barriers for each ion type and twembranes, and linking

results to molecular dynamics simulations (Chapjer

This thesis is structured as shown in Figure 1-Ithe purpose of this introduction
chapter was to paint a broad overview of the tagichand. A specific, in-depth,
literature review of principles and mechanismsaoof fransport in NF/RO will follow in
Chapter 2. Chapter 2 will conclude with the dethitesearch objectives undertaken in
this research project. Experimental methods anenmaés are described in Chapter 3.
The first results are presented in Chapter 4, whishusses the field performance of a
renewable energy membrane system with specificrdetya varying energy and pH.
Simplified bench-scale experiments were conductedssess the effect of pH on the
retention of inorganic contaminants and boron, drese are discussed in Chapter 5.
Chapter 6 presents molecular dynamics resultsabsgssed the specific impact of ion
hydration/dehydration when ions transport througitep. The final experimental
chapter, Chapter 7, attempts to link experimemargy barriers according to ion and
membrane type with expected trends for dehydratietermined with the molecular
dynamics simulations. The thesis concludes wigummary of results obtained and

recommendations for future work (Chapter 8).

Chapter 1. Introduction

Chapter 2. lon Transport Principles: A Review

Chapter 3. Experimental Methods and Materials

Chapter 4. Renewable Energy Powered Membrane Systems

Key Points
» System effectively removed inorganic contaminaney oeal
energy and pH conditions
« Energy fluctuations affected operating parametedstence
retention where diffusion/convection mechanisms idated
* Groundwater pH was important for contaminants dated by
charge mechanisms

Relevant Publication®Richardset al, Desalination (2009); Richaras
al., Journal of Membrane Science (2011); Richatdsl, Membrane
Water Treatment (2011)
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Chapter 5. Impact of pH on Inorganic Contaminant Removal

Key Points

» Chemical speciation in different water matrices waslicted for
boron, fluoride and nitrate

* Retention trends strongly correlated to speciatioth membrane
properties as a function of pH

* The selectivity of fluoride and nitrate cannot xplained by
charge interactions alone nor size exclusion adegrw the size
of the bare ion

Relevant PublicatiarRichardset al, Desalination (2010)

Chapter 6. The Importance of Dehydration in Determining lon
Transport in Narrow Pores

Key Points
« Energy barriers are strongly dependent on pore size
« Energy barriers are strongly dependent on ion (gpd hence
hydration properties)
* Molecular dynamics simulations show that dehydraetsothe
main barrier to anion transport in narrow pores

Relevant Publication®Richardset al, Small (2012, accepted); Richards
et al, Physical Chemistry Chemical Physias reparatior)

Chapter 7. Experimental Determination of Energy Barrierddo
Transport

Key Points
* Energy barriers can be determined experimentallygus
Arrhenius activation energies
* Energy barriers depend on ion type and membraree typ
* Energy barriers are compared to those determined us
molecular dynamics simulations

Relevant PublicatiarRichardset al, Journal of Membrane Scienaa (
preparatior)

Chapter 8. Conclusions and Future
Recommendations

Figure 1-10. Thesis structure.

21



Chapter 2

lon Transport Principles: A Review

Having highlighted the water crisis and synerge@nergy crisis in Chapter 1,
membrane technology was offered as a solution ttiglst help address this urgent
need. This chapter offers a more thorough desonptf the current state of knowledge
surrounding nanofiltration and reverse osmosis [RB). Firstly, ion properties in
bulk water are described, as this is fundamentairtderstanding the behaviour of these
ions in more complicated membrane processes. 8Bcoa description of various
NF/RO mechanisms is given, followed by an explanatif how various operating
parameters affect NF/RO performance. A discussfarurrent NF/RO models is then
given, including their limitations, and suggestiona how these models may be
improved by use of molecular dynamics. Finallys tthapter describes, with more
detail, the specific research aims and objectivieat twere originally outlined in
Chapter 1.

2.1 lon Propertiesin Aqueous Solutions

In order to understand how the mass transport afgenic ions works in membrane
processes, first the ion properties in bulk aquesmlistions must be understood. When
ions are in aqueous solution, they interact with #olution around them and thus

exhibit properties that are different than if tio& was alone. For the purposes of this
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research, only ion properties in wate¥g( not other aqueous solutions) will be

discussed. The basic principles of ion behavioumlk water follow.

2.1.1 lon Hydration

To understand the role membranes have in remowntaminants from water it is first
necessary to understand the interactions of iodsaaater molecules. When ions are in
water, they are surrounded by a “shell” of waterenoles due to the dipole nature of
water [76]. This shell of water is referred toaabydration shell or hydrated layer. A
generic schematic of hydration layers around aelaagd small anion is shown on
Figure 2-1 [77]. This process of hydration resuttshe kinetic entity no longer being
the bare ion but the ion accompanied by its assatiaydrated shell [76]. When the
hydrated shell is considered, the effective ioe $&zlarger than the bare ion alone, and

the radius of the entity is known as the hydrasatius.

The strength of the attractive interactions betwiaenbare ion and the hydrated shell is
known as the Gibbs free energy of hydratidGydration kcal.mol)

AGhydration =4H hydration - TASnydration' Equation 1

whereH represents enthalpy (kcal.iplandS entropy (kcal.mat). The free energy of
hydration is defined as the change in chemical mi@teof a solute molecule, upon
formation of an infinitely dilute aqueous soluterfr components in their standard states
(eg. gaseous for the solute and pure liquid for theesd). This parameter therefore
represents how favourable the interactions are dmtva dissolved soluted. fluoride)
and water, and has both enthalpic and entropicgetiercontributions [78]. A highly
negativedGnyaration INdicates very strong attractive forces and lesgative4Gpygration
means the ion is more weakly hydrated. Small ioage strong hydration energies
because their charge density is higher, which casgenger attractive interactions with
the water molecules. There can be more than @tecti hydration shell around an ion

if the attractive forces are strong enough to affiesre-distant water molecules.
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large anion €g. nitrate small anion €g.fluoride,
AGhyqs = -71.6 kcal.mat) AGhyq = -119.7 kcal.mot)

Figure 2-1. Generic schematic of the hydration arond a large and small anion
(adapted from Tanselet al. [77]). A small ion such as fluoride has a much gher
hydration energy than a relatively large ion such a nitrate due to the higher
charge density and thus stronger interaction energis with surrounding water
molecules.

small cation ¢g.sodium, small anion ég.fluoride,
AGryq = -88.6 kcal.mot) AGryq = -119.7 kcal.mat)

Figure 2-2. Generic schematic of the hydration congring a small cation with a
small anion (adapted from Tansekt al. [77]). Note that the water molecules orient
their oxygen atom towards the cation, and their hydbgen atoms toward the anion.

Cations and anions are hydrated differently becahsg attract the water towards
themselves in different manners (Figure 2-2) [79Yith mono-atomic cations, which

are positively charged, water molecules orient wigkir oxygen atom (containing lone
pairs of electrons) pointing towards the catiom. tHis case, the oxygen atoms in the

water molecules act as electron donors and thersaais acceptors. Conversely, with
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anions, the water molecules orient one or bothhefrthydrogen atoms towards the
anion and hydrogen bonds can be created, as shoWwigore 2-1. The size, shape, and
charge all affect how the interactions between aml water molecule occur [79].

Hydration involves complicated interactions, withontributions from all

thermodynamic functions such as entropy, enthatglyavailable volume [76, 79-81].

Significant effort has been made over a number edry, starting in the 1900s, to
quantify what the kinetic entity of an ion is ineetrolyte solutions, as this has
importance to a number of applications in chemjstiplogy and medicine [76].
However, this has proven very challenging, timestwning, and at times ambiguous
because of the difficulty in experimentally measgror simulating these free energies
of hydration and/or structures. Experimental measents can be made using
crystallographic techniques including vibration gmdtals and Volta potentials [79].
Much of the difficulty arises because a single elation or model to exactly represent
the hydration phenomena is not expected [82], ajhosome models have been
developed that match reasonably well with a wideloer of similar ion types [79, 80].
These early correlations characterized an ion §\clitarge and radius, and made no
distinction between cations and anions with the esaadius and charge. They also
divided the surrounding water into two regions: &lhydration shell where water is
immobilized and electro-restricted and (2) bulk eavawhich is under the influence of
the electric field [79, 80]. With these modelsyrejated, non-spherical ions (such as

nitrate or nitrite) are approximated by a sphe8j.[7

Determining accurate hydration information remaaghallenge, and although vast
steps forward have been made in this arena, retfemts are still ongoing to accurately
represent even monovalent ions in solution [83, 84 properly understand ionic
interaction in solution, it is necessary to be aldesimultaneously reproduce many
properties such as ionic structure, dynamics, $olvaion-ion interaction and ion-
molecule interaction. Some of the best current el®o@mploy a simple additive,
nonpolarizable and pairwise potential for atomiteiaction [83], and the most recent
updates involve further developing the ion-intei@aet within the pairwise Couloumbic

and Lennard-Jones framework which give more aceuegiresentations of interactions
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between the ion of interest and surrounding wateleoules [83]. A particular focus
has been placed on alkali {LNa’, K*, Rb" and C3) and halide ions (FCI, Br and I)
which are most relevant to biological phenomena. lagk of updated information
remains for many contaminants relevant to drinkireger treatment such as nitrate and

nitrite.

Despite the fact that values for hydrated radiu$ strength can vary according to the
type of experiment or simulation and point of refeze, the general order of the ions
properties remains the same. A summary of availaptiration data for ions relevant to
NF/RO follows in Table 2-1. This shows that sonydrhation information exists in the
literature for a number of ions, but the informatis often not comprehensive nor
consistent [77, 80, 82, 85]. Ideally, a consistmnirce is best for comparison. As such,
hydrated radii provided by Nightingale [82] are die discuss the results in Chapter 4
and 5, as there is information provided for mostha ions of interest. Data from
Nightingale [82] is listed as the first line forakaion in Table 2-1. In Chapter 6 and 7,
more detailed parameters about hydration structuee required and thus updated
information is used for chloride and fluoride frothe current literature [83] and
developed from scratch for nitrate and nitrite frasrystallographic experimental
hydration energies [80] (details discussed whengrggpiate). The theory of ionic
hydration and obtaining consistent information reraa challenge and some scientists

claim that final answers may never be reached3gg,

Table 2-1. Molecular weight, ionic and hydrated rad for relevant ions, arranged
according to valence charge and number.

Molecular lonic Hydrated %‘ngg;rg}fe
Species Weighlt Ra_llc(iJius Ragius Hydration Ref.
(g.mol”) (107 m) (10" m) (kcal.molY)
cr 35.45 1.81 3.32 - [82]
1.98 3.24 - [88]
1.81 1.95 - [89]
1.81 2.24 -81.7 [80]
1.81 - -82.9 [90]
- 3.13 -89.6 [83]
- -89.1 [86]
3.29 -89.2 [84],[83]
- 3.187 -81.2 [79],[83]
1.81 - -88.0 [91]
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F 19.00 1.36 3.52 - [82]
1.28 3.48 - [88]
1.19 2.84 - [89]
1.33 2.12 -111.6 [80]
1.26 - -112.7 [90]
- 2.63 -119.7 [83]
- - -119.7 [86]
- 2.80 -115.8 [84],[838]
- 2.63 -111.0 [79].[838]
1.36 - -126.1 [91]
NO; 62.00 2.64 3.35 - [82]
1.79 2.23 -71.6 [80]
2.00 - -73.1 [90]
NO, 46.01 1.92 2.29 -78.8 [80]
1.87 - -81.0 [90]
MoO,* 159.94 3.23 3.85 - [82]
SeQ” 142.96 3.0% 3.84 - [82]
SO” 96.06 2.98 3.79 - [82]
2.15 3.00 - [89]
2.30 2.78 -257.9 [80]
2.18 - -260.3 [90]
K* 39.10 1.33 3.31 - [82]
1.48 2.75 - [88]
1.38 2.01 - [89]
1.38 2.12 -70.5 [80]
- 2.75 -70.7 [83]
- - 71.2 [86]
- 2.86 -61.5 [84],[83]
- 2.798 -70.5 [79],[83]
1.33 - -66.0 [91]
Na 22.99 0.98% 3.58 - [82]
0.99 2.99 - [88]
1.02 1.78 - [89]
1.02 2.18 -87.2 [80]
- 2.38 -88.7 [83]
- - -88.6 [86]
- 2.49 -78.8 [84],[83]
- 2.356 -87.2 [79],[83]
0.95 - -82.7 [91]
St 87.62 1.13 4.12 - [82]
1.36 2.80 - [89]
1.13 2.68 -329.5 [80]
NiZ* 58.69 0.76 4.04 -- [82]
0.60 3.11 - [89]
0.69 3.02 -472.8 [80]
ca* 40.08 0.99 4.12 - [82]
1.23 2.53 - [89]
1.00 2.7% -359.4 [80]
cu* 63.55 0.72 4.19 -- [82]
0.73 2.97 -480.6 [80]
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zn?t 65.39 0.73 4.30 - [82]
0.74 2.80 - (89]
0.75 2.98 -466.9 [80]

Mg** 24.31 0.6 4.28 - [82]
0.72 3.00 -- (89]
0.72 2.99 -437.0 [80]

Mn?* 54.94 0.8 4.38 - [82]
0.83 2.88 -420.3 [80]

%Crystal radii reported by Nightingale [82]

® Manually calculated as ionic radius plus the widtishell from Table 1 in [80]
°Experimental values that were converted to absefiiges with the choice of
AnydG°[H]=-252.2 kcal.mot

“As reported by [83] using TIP3P water model

2.1.2 Definitions of Solute Radius

A major challenge in understanding ion behavioubutk solution, and subsequently in
understanding membrane processes, lies in theiti@fiof solute radius. As shown on
Table 2-1, there can be considerable discrepancgparted values, even of the same
type, due to differences in measurement technicareds assumptions. Generally
reported values of ionic radius (or “crystal” raglith determined with crystallography)
are fairly consistent; however this is an inaccn@presentation of the effective size
when in water due to hydration. Even the definitaf “hydrated” radius varies. For
example, when determined with molecular dynamiasukitions that reproduce
experimental hydration energies, sometimes theatgdrradius is defined as the first
peak of the oxygen density profile away from the cemtfethe ion (called a Radial
Distribution Function, as shown on Figure 2-3), aftier times it is defined as the first
baseof the first oxygen density profile. This furthempports that it is best to use data

reported by one source so that trends are consisten
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Figure 2-3. Example radial distribution function showing the possible definitions of
hydrated radius made from the first peak (most comron) or base of the oxygen
density profile away from the centre of an ion.

For membrane applications, the Stokes radius isnoamy used to describe the
effective ion size [36, 92, 93]. Stokes radiugespnts the effective size of a theoretical
solid sphere that diffuses at the same speed aerilad interest [81]. An ion with high
mobility will have a small Stokes radius and vicersa. Although Stokes radius
represents mobility, it is inherently unrealistgitis not a measurement of the physical
size of the hydrated entity. Stokes radigg¢m) is calculated as

— kBT
* 6mD’

Equation 2

where kg is the Boltzmann constant (J.idk™), # is viscosity (kg.rit.s?), T is
temperature (K) an® is the solute diffusion coefficient fis™). Other radii which are
sometimes reported are Born’s radius, cavity rading Pauling radius, but as these are
not used anywhere in this thesis they will not bsatibed.

Obviously, this discrepancy in understanding thfeatiive size of a solute has major
implications for understanding fundamental ion hébar. Hussainet al. [92]

evaluated the effect of different ion sizes onghadiction of NF systems and found that
it, unsurprisingly, has a considerable effect. &msthnding how ions interact at a
fundamental level, and in particular with membranesmains a challenge.

Improvements in this area would provide a valua@olatribution to the field.
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2.1.3 Impact of pH on lon Properties

Inorganic contaminants are significantly impactgdwater quality characteristics, and
in particular, pH. Solution pH has a significaakerin the speciation of elements as the
number of hydrogen atoms available for interactasn well as oxidation-reduction
transformations will determine what type, relatimmount, charge, and form of a
species is present [72, 94]. For example, Smediel Kinniburgh determined two
main triggers leading to arsenic release in natwedérs. First, the development of high
pH conditions (pH >8.5) in semi-arid or arid enwvinoents leads to desorption of
adsorbed arsenic (especiallyAsfrom mineral oxides. The second trigger occurs a
near neutral pH values with strongly reducing cbads, which again results in the
desorption of arsenic (ASis relatively abundant in this case) [29]. Typiph values

of groundwaters vary significantly globally, andishan understanding of how inorganic
trace contaminants behave at varying pH levelsnigortant to understanding how to
best reduce them to safe levels [72]. The speaffect of pH on contaminant
speciation and filtration with NF/RO will be dis@esl in Section 2.3.5 and will be the

subject of results presented in Chapters 4 and 5.

2.1.4 lon Pairing

Another phenomenon worth mentioning about the auigon of ions in bulk water is
ion pairing. lon pairing occurs when oppositelyaaied ions are close together and the
energy of their mutual electrical attraction is siolerably greater than their thermal
energy (&T, for a 1:1 electrolyte). The electrical attractiuls the ions together while
the thermal energy causes the motion of the ioiterefore, when the electrical
attraction is attractive enough, a new entity rgrifed which is which is stable enough to
persist through a number of collisions with solvenblecules [76]. For a 1:1
symmetrical electrolyte, like sodium chloride, ti@sulting ion pair has no net charge,
but is still has a dipole moment due to its pokitn [76]. For this type of electrolyte,
the rule of thumb for the critical distance whesa pairing can potentially occur is at a
distance ofq = 2kT = 3.57210"° m (at 25 °C). At distances greater than this, the
attractive forces between the ions are not strorapgh for pairing to occur [76]. Of
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course, like all ion interactions, this becomes plicated because ion pairing is more
likely for some electrolytes than others [76]. @@l conditions for ion pairing occur
when a cation is weakly hydrated (potassium is nmoke likely to pair than sodium),
and an anion, especially polyatomic, has an inligreaolarizable structure. In this
situation with a weakly hydrated cation and veriapaable anion, the attractive forces
between the ions can more easily overcome the hgdréorces of each individual ion.
Given these optimal conditions, pairing is likebr potassium nitrate in water. This is
because nitrate has a planar configuration whicly allow a cation (in particular
weakly hydrated potassium) to approach in one timeowith distances less than the
critical distance of roughly 3.570"° m. It has been roughly estimated that about 3% of
0.1 M potassium nitrate is paired in bulk solutibnt this is very difficult to measure
[76].

Molecular dynamics simulations have been used @wmaxe potential ion pairing in
alkali halide solutions to overcome the limitatioofsexperimental measurements [95-
97]. Fennelkt al.[95] showed that there are a number of differeaysvn which alkali
halides can be paired: contact ion pairing, sokstatred ion pairing and solvent-
separated ion pairing, which are shown in Figuré [B5, 97]. Different types of
pairing involve different interactions with the hgted later of the paired ions and are
driven by the most energetically favourable arramget. Although ion pairing is not
the focus of this work, it is mentioned as it isedily related to ion hydration, ion

interactions and ion properties in water.

solvent-separated pair solvent-shared pair contact pair

< &
® Ly 9
<:>=¢@

Figure 2-4. Different types of ion pairing adaptedrom [97].

The properties of ions in water were described rdep to provide a basis for

understanding transport mechanisms of NR/RO. loopgrties are affected by
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interactions with water molecules and environmerigaitors such as pH and the
presence of other ions. As such, these paramwiitralso affect the transport of ions
through membranes. The next section discussessth®f NF/RO for the removal of

inorganic contaminants.

2.2 Nanofiltration and Reverse Osmosis for I norganic Contaminant
Removal

NF/RO membranes are well-accepted water treatmenhnblogies capable of
desalination and reducing concentrations of otlwenpounds found in natural waters.
NF removes multivalent ions and has high organgeaval, while RO retains both
mono- and multivalent ions. NF/RO membranes apec@ély hydrophilic, negatively-
charged polymers, and removal of ions tends topeeiic to the particular membrane
and ion characteristics and speciation [94]. NFfR€nbranes can be quite effective at
reducing nitrate, arsenic, aluminium, fluoride, drgr and uranium concentrations in
natural waters [53, 57, 98-103].

The underlying separation principles of NF/RO meamnles involve the combination of
electrostatic and steric interactions associateld gharge shielding, Donnan exclusion,
and ion hydration as well as other effects suctiffission and convection [54, 94, 98].
lon transfer through NF/RO is therefore affectedvi®mbrane characteristics, operation
parameters, and feed water characteristics. Sqabtyf membrane surface charge,
chemistry, thickness, pore size and age of membraaesmembrane pressure, and
hydrodynamics regimes as well as feed water cortiposipH, and temperature all

contribute in varying degrees to ion passage thrahg membrane [104].

This section will discuss the primary mechanisms N#if/RO and how operating

conditions affect them.
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2.2.1 Steric Hindrance

Size exclusion, or steric hindrance, is an impdrtaachanism of ion retention that is
based on the physical size of a solute. Size skuiuefers to the process in which the
size of a solute is larger than the pore size. sTline solute can not fit through the
membrane pore and is retained, as shown on Figbrel8 this case, both ions are too
large to “fit” into the membrane pore. This isdila sieving phenomenon, but in reality
the interactions are complex because the neitreersite of the solutes nor pores is
uniform [105]. The transport and removal of iongidg the membrane process is
significantly impacted by hydrated radii and strtengf hydration shells because the
variations in hydrated ion size determine whichsiavill be able to pass through the
membrane pores via convection or diffusion [77,,1087]. lons with relatively small

crystal radii have higher charge, higher hydratmmbers, larger hydrated radii, and
hold hydration shells more strongly [77]. Convérsmns with larger crystal radii have

weaker hydration shells and smaller hydrated raohg hence may be able to detach
from their hydration layer when passing through thembrane [77]. In Figure 2-5,

both the ions alone and the ions with their assediéirst hydration shell are larger than

the pore, but this is not always the case.

X
» e
Vards

pore

Figure 2-5. Simplified schematic of ions retained Y the steric hindrance
mechanism in a membrane with uniform pore sizes.

Tanselet al. showed that the ion permeability through NF i®rsity correlated with
hydrated radii (shown on Table 2-1) [77]. lonshwiglatively small crystal radii, high
hydration number, strong energies of hydration lange hydrated radiieg. Mg®* and

c&") were effectively removed by both dead-end andssrflow NF modules.
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Alternatively, ions with larger crystal radii suels K and N& have weaker hydration
shells and smaller hydrated radii, and hence magbleto detach from their hydration
layer while passing through the NF membrane umreth{77]. For example, Favre-
Réguillon et al. explain that higher rejection of Mgcompared with Cd in a NF
experiment may be due to the fact that magnesims, @mthough smaller, display larger
hydrated diameters than those of calcium ions [10The strength of hydration is
impacted by ionic structure and water compositisnweell as environmental factors
such as pH, ionic strength, and temperature [738].1(Results from another study
indicate that if retention trends are not consisteith the size of the hydrated ions,
charge exclusion is likely the predominant mechar08]. Thus, the effective solute
size directly impacts size exclusion and it is vanportant to understand the role of
hydration in this process in order to know whicimsomay be excluded under what
conditions. If dehydration occurs during transptris reduces the effective solute size

and hence reduces retention due to size exclusion.

2.2.2 Charge Interactions

Another prevailing NF/RO mechanism, and the onlytaldshed non-sieving
mechanism, is charge interactions. Charge intersbetween the charged membrane
and ions in solution occur [77, 109-111]. Thisutessin charge exclusion between the
typically negatively-charged membrane surface dredions present in solution. This
phenomenon is called the Donnan potential. Anemesrepelled from the membrane’s
surface, thus increasing anion rejection by the branme, as shown on Figure 2-6 [77,
98, 101, 104]. The Donnan potential is impactedshyface charge and chemistry
(membrane specific), feed water composition (intlggH, electrolyte concentrations,
and ionic strength), as well as flux and hydrodyitaoonditions [77, 111-113]. The
membrane charge density depends on ionic strengghcancentration, and can be

partially attributed to ion adsorption on the meanw® surface [114].
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Figure 2-6. Simplified schematic of an anion repedd from a negatively charged
membrane surface.

« negatively-charged membrane
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In the Donnan exclusion model, the rejection ofiindticharge anions by a negatively
charged membrane is highest, whereas that of tfaelit or monovalent cations is the
lowest [100]. The Donnan potential is impactedtiy membrane surface charge and
chemistry as well as the feed water composition 87 101, 104]. Membrane surface
charge in particular is an important parameter ictipg compound retention. Most thin
film composite membranes have a negative surfaggehat neutral pH due to
deprotonated acidic functional groups, but surfabarge has been found to vary
between membranes and is dependent upon feed whé&mistry including pH,
electrolyte concentrations, and the presence afralabrganic matter. The rejection of
inorganic ions is reported to increase during coows favouring a membrane surface
charge that can electrostatically repulse the iemg studied [111]. Increased feed
water ionic strength, especially in the form of alent cations such as calcium and
magnesium, results in a reduced negative surfageyelsince the ions can bind to the
negatively charged membrane surface, subsequessiyting in a reduced rejection of
inorganic ions [111]. Bellona and Drewes [111] byyesized that charged organic
compounds with molecular weight similar to the ncalar weight cut-off of a
membrane are less affected by these decreasedostatit interactions due to the
dominant role of steric exclusion in the rejectminthese compounds. However, the
removal of charged compounds of smaller molecukeigit than the molecular weight
cut-off can be affected by the reduced negativéasarcharge of a membrane [111].
Minimum salt rejection has been observed at theléstric point (point of zero charge)
of the NF membrane surface [115] which is likelyeda the minimal ionic interactions

between the membrane surface and the solutes tapdiv@. This demonstrates that
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charge interactions are very important for membréit@ation and depend both on

membrane and solute properties.

The electroneutrality condition requires that cleangust be balanced on either side of
the membrane. This means that in the case of atimety charged membrane, the
negatively charged co-ion would be the limiting centration here (because of
repulsion) and thus the transport of positivelyrged ions will have to balance that of
the co-ions. Thus, ions with a higher or lowernpeability affect the permeability of
other ions in order to maintain electrostatic nalitfr. A similar principle could be
linked to dehydration, where transport may be kaliaccording to solute properties
such as hydrated size or strength, while electrioaldy requirements must still be

maintained.

Dielectric exclusion is another charge interactibat is a proposed cause for ion
rejection in NF. Dielectric exclusion occurs due the polarization at the
water/membrane interface [109, 116, 117]. It igsea by the interactions of ions with
the bound electric charges induced at the intesfarfemedia of different dielectric
constants €g. water and polymer). Dielectric exclusion can attfuenhance Donnan

exclusion making these net charge interactiongfgignt under certain conditions.

Charge interactions will be considered throughdus tthesis, and particularly in
Chapters 4 and 5 where pH is a key variable (pElctly impacts charge interactions as

will be discussed in Section 2.3.5).

2.2.3 Diffusion and Convection

Diffusion is a balance of two forces: (1) the geadi of chemical potential for a
particular ionic species and (2) an electric fieldated by the motion of oppositely
charged ions [76]. Electroneutrality requires thatons and cations must move at the
same overall speed. Thus, less mobile ions mestidspp and more mobile ones must
slow down in order to keep the forces balanced.[M}en in bulk solutions, diffusive
interactions become very complicated in non-dil(36.01 M) solutions because the

motion of solvent molecules must be consideredelsas that of the solute [76].
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Diffusion is a concentration driven process thdibfes the general form of Fick’s first
law:

J =-D de Equation 3

diffusive — dx ’
where Jgirusive is the diffusive flux (mol.H.m), dc/dx is the concentration gradient
across the membrane (mol¥jrandD is the diffusion coefficient (As) of the solute
of interest. In NF models, the diffusion coeffities corrected for the hindered nature

of the pore and this will be described in Sectich 2

Diffusion in membranes is hindered but the fundatalgorocess remains the same: for
ions to move from a concentrated side (the feed thlute side (the permeate). The
difference is that there now is a membrane in betwednteractions with the membrane
affect diffusion [118], and also the concentratafnvater in the membrane (degree of
swelling) [119, 120]. This is obviously membrarpesific and because it depends on
the structure and chemical nature of the polynfesre is significant variation [119].
The predictive ability of theoretical models rensaiwery limited because they are not
able to account for the very individual charactepalymer-solvent-solute interactions
and the exact polymer composition of commercial im@mes is proprietary [119].
Diffusion is a dominant salt transport mechanisrmamy NF/RO membranes.

Convective transport involves the solutes beingried” in the solvent stream through
the membrane. In convection, larger solutes atiembeetained via steric hindrance.
Convective transport is directly related to perradhtx (and thus applied pressure) and

concentration.

Diffusion and convection are difficult to separdtem each other in pressure driven
systems because both occur simultaneously. Betlaféected by the solute properties
and concentration. However, different operatingditoons, and in particular pressure,
lead conditions to be more conducive to the dontieéfect of one over the other. This

will be discussed in more detail in Section 2.2.8.
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As both diffusion and convection are strongly iefiged by solute size, again the
necessity for a better understanding of the effecgize of a hydrated ion during

membrane transport is highlighted.

2.2.4 Precipitation

Accumulation of solutes on the membrane surfacereaunlt from precipitation due to
concentrations at the membrane surface exceedidilgy limits [121]. Deposit
formation and the possible consequent variatiormeimbrane characteristics affect
apparent retention. The actual concentration at shrface (or boundary layer
concentration) depends on membrane characterisgmisition chemistry €g. feed
concentration and pH), and operating conditioaeg. pressure, cross flow velocity,
hydrodynamics), and cannot be measured. Deposiinthe membrane surface can
result in membrane scaling, which reduces pernfeateand quality, requires chemical
cleaning, and may lead to physical damage of thenbngnes and hence a reduced
lifetime. This is of particular interest for thitriation of natural groundwaters, which is
the subject of Chapter 4, because carbonate-badetts €g. MgCO;), common in
natural waters, are highly insoluble and thus nr@gipitate during filtration which can

affect both retention and flux.

2.2.5 Dehydration

The specific role of hydration in controlling trgst in NF is not yet well-understood.
A number of studies have correlated ion transpati Wydrated radius [77, 122] or
hydration energy [122], rather than ionic radilishas been observed several times that
ions with smaller ionic radii have higher hydratienergy and larger hydrated radii
which retards their transport through the membiaiie 85, 100, 122-124]. As such, it
Is not the ionic size that dictates transport,thathydrated size. Further, ions with less
strongly bound shells may actually detach from rthisidration layer while passing
through membrane [77, 125]. This has direct ingtian on the size exclusion
mechanism (Section 2.2.1) if the effective sizéhefion is actually changing during the
transport process. The effective ion size (anddtyeh state) thus directly impacts all

mechanisms of transport.
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Due to the inability to measure this effect dirgatikxperimentally, some simulations

have been conducted to study the effect of potedéilaydration through narrow pores.

This effect has been simulated in carbon nanotubmlmanes, where ions were shown
to have different energy barriers depending ontyge, pore size and pressure when
entering hydrophobic pores as a consequence ofddatign [126, 127]. The energetic

expense of chloride transport in cylindricakNgj nanopores was also related to the
stripping of ion hydration layers [128]. Most difet work in this area has focused on
ions relevant to biological channels such as patassand sodium [129, 130]. The

results of the relevant simulations will be disagss Section 2.5. A primary objective

of this thesis is to explore the effect of dehyraton ions relevant to drinking water

purification, namely fluoride, chloride, nitrate camitrite, which will provide new

understanding of membrane selectivity.

Understanding the role of hydration/dehydrationion transport is very important
because it essentially affects all of the retentisechanisms discussed. Namely, the
effective size will be affected according to hydratstate (hydrated, dehydrated or
partially hydrated), and thus steric interactiondl Wwe impacted. Diffusion and
convection will also be affected by hydration stat€harge interactions may also be

affected as strong hydration layers may shieldgiaepulsion.

2.2.6 lon Pairing

An NF/RO mechanism which has been proposed is itma can transport through
membranes paired together [131]. The rational¢hiigris that the difference conditions
near the membrane surface (in particular the ise@aconcentration) can make ion
pairing more amenable for certain ions (such asgsiam nitrate). If 1:1 ions are
paired, the net charge of the paired entity is naéwgo charge repulsion would be
minimized. Matsumotet al. [131] demonstrated that ion pairing was substamtia
charged, low-water-content membrane both theotBtiGand experimentally. Ion
pairing was used to explain the greater rejectioN®SO, (< 1% paired) as compared
to MgSQ, (16 — 17 % paired) [132]. However, another stadycluded that ion-
pairing was not responsible for the transport oCNaN&SQ,, MgCl, or CdSQ in
commercial polar RO and NF membranes [133]. Ratharas suggested that coupled
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transport occurs where individual ions partitiord dransport in a way that maintains
the electroneutrality requirement [133]. This r@maan area which is not yet well-
understood, and although it is not the focus of thork, it is relevant to fundamental

ion transport in membranes.

2.2.7 Sorptive Interactions

Although sorptive interactions are not a focusto$ work, it is important to mention
them for the sake of completeness. Adsorptionrimarily related to the organic
solutes and generally occurs when they have atyghogen bonding capacity and are
sparingly soluble in water [134]. This allows théonhave attractive interactions with
the membrane material. Water flux in RO membras@dso believed to be due in part
to a sorption-diffusion process and thus greatiyethelent on the waters ability to form
hydrogen bonds with the hydrophilic groups of themmbrane polymer [135]. This
adsorptive water binding to the membrane can hirider flux. Although usually
associated with organic solutes, higher partitigrohnitrate compared with chloride on
a thin film composite membrane has been observegl][1For inorganic contaminants,
sorptive interactions are generally much smalleanttdominate charge and size

interactions which are the focus of this work.

2.2.8 Interplay Between Mechanisms

In pressure driven NF/RO, there is rarely only omechanism that affects transport.
The interplay between mechanisms is complex anghglty depends on operating
parameters, solute properties and membrane preperiihe dominant retention
mechanism depends on the specific compound chastitt® feed solution chemistry,
membrane characteristics (especially charge), pedational parameters (in particular
applied pressure) [37, 107, 108, 137-143]. Themkimodels using the extended
Nernst-Planck (ENP) equation have been used toigbréloe relative influence of

contributing mechanisms, namely convection (pressugradient), diffusion

(concentration gradient) and electromigration (glegotential gradient) [109, 144-
147] and these models will be explained in moraitlét Section 2.4. If dehydration

occurs as a part of transport, it will directly iagp the effective solute size and thus
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directly contribute to both convective and diffusiinteractions. A summary of the
mechanisms discussed is shown in Table 2-2 witrergérguidelines of when one
particular mechanism may be dominant. In practioe,dominant mechanism is highly
dependent on operating parameters, solute propentieé membrane properties and thus

this general summary is not applicable to evergurirstance.

Table 2-2. NF/RO mechanism and conditions which areamenable to that
particular mechanism. Note that this is meant to b qualitative and general, as
conditions for a particular mechanism to be dominah are highly dependent on
operating parameters, solute properties and membras properties.

Mechanism Conditions When Dominant

Steric Hindrance when the size of the solute (Hottirated and ionic size) are
much larger than the narrowest part of the pore

Charge Repulsion/ when the membrane is highly charged (typically &ghhpH
Electromigration values) and multivalent ions are freely presensatution, at
high membrane thickness to porosity ratios

Diffusion when the size of the solute (both hyddasend ionic size) are
smaller than the narrowest part of the pore (onam-porous
membranes), at low pressure conditions, at low nmmang
thickness to porosity ratios.

Convection at high pressure and flow conditioag. bigh flux), especially
when pore is larger than the solute, at high men#thickness
to porosity ratios. The contribution of convectida salt
transport in the active layer of most thin film goosite NF/RO
membranes is small [148-152]. The relative contidyu of
diffusion and convection can be estimated by thelePgPe)
number. Typical values for NF membranes for voltriodlux
and the thickness to porosity ratio, respectivathg, on the order
of 10° m.s* and 1 m. If Pe is calculated from the typical
value of ion diffusivity in bulk water (on the ondef 10° m?.s),
Pe~ 10%, suggesting that the contribution of convectiosrsll
and diffusion dominates (since Pe < 1). Howevérpare
diffusivities are used in this calculation (on treler of 10" to
10%3, as determined using diffusion cell experimenis, is in
the range of 0.1 to 10, and the conclusion abodififision or
convection dominates may be different. The baldmew®veen
diffusion and convection is thus complex and canbet
generally concluded for every case.

Precipitation at concentrations above saturatival lat the membrane surface
for insoluble solutes such asLL&; or MgCO3

Dehydration yet to be evaluated, but expected tadppendent on hydrated
size to pore size ratio, and hydration strengtthefsolute

lon Pairing yet to be evaluated, but expected omly very high
concentrations

Sorptive Interactions when there are highly favbiega interactions between
membrane polymers and organic solutes
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Szymczyket al.[144] conducted a thorough review of the impacspécific parameters
(pore size, membrane charge density, volumetri, fund thickness to porosity ratio)
on the relative contributions of convection, difusand electromigration to electrolyte
transport. This review used the framework of trenian steric pore model (DSPM)
based on the ENP equation (the details of the madebe discussed in Section 2.4).
In summary, it was found that diffusive transpatexpected to be dominant under
conditions with low permeate flux, low membraneckimess to porosity ratio, and high
membrane charge. Convection is expected to berdornwith high permeate flux and
membrane thickness to porosity ratio and/or low Im@me charge density.
Electromigration never dominated transport wheriooat and anions had identical
diffusion coefficients. With unequal diffusion dbeients (the case in practice)

electromigration was the dominant mechanism fatagewvalues of membrane charge.

A schematic of how convection, diffusion and elewctigration all occur at the same
time is shown in Figure 2-7 [145]. Here, theraipositive convective and diffusive
drive from a pressure and concentration gradienbéth co-ions (same charge as the
membrane) and counter-ions (opposite charge asiémebrane). The electromigration
attraction of the counter-ions to the membraneaserfresults from attractive charge
interactions between, for example, a membrane fwtdd negatively charged groups
and positive ions (or vice versa). Thus, co-iores excluded from the membrane and
counter-ions are attracted, resulting in lower emtiation of co-ions than counter-ions
in the membrane. Note that all transport is indiection of the permeate side with the
exception of the electromigration of counter-iomgeted towards the feed solution.
For any electrolyte, the sum of the total co-ianf({Jeo-ion, mol.ii-.m?) must be equal to
the total counter-ion fluxJgounterion Mol.i*.m?) [145]. Because the total flux of co-
ions must equal that of the counter-ions to mamntdectroneutrality, the convective
flux of counter-ions must be larger in magnitude arder to balance the charge

repulsion.
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Figure 2-7. Schematic of interplay between diffusio, convection and electrostatic
interactions in the case of positive retention andttraction of counter-ions to fixed
charge groups on the membrane (adapted from [145]).

To illustrate potential interactions schematicailty a different way, Figure 2-8 is
provided. This figure shows a number of differ@rteractions and mechanisms that
can occur during transport. For example, the megaurface attracts positive cations
towards it and repels negative ions (charge repulsand Donnan equilibrium).
Attractive forces can occur between fixed chargaigs on the membrane material and
positive cations. An ion may become dehydratedlevtiansporting through the
narrowest part of the pore (dehydration and/or sk®usion). lon pairing can occur in
free solution, while transporting or with fixed egad groups on the membrane. This
shows the complexity of the interactions which aken further complicated when
driving forces such as pressure, concentration tantgperature are involved (which
affect convection, diffusion and electromigratiamgltaneously, as shown on Figure
2-7).
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Figure 2-8. Exaggerated schematic of potential intactions (adapted from [131]).
A tortuous pore with fixed negative functional groyps interacts with ions in
solution, which are driven in the direction of flowdue to an applied pressure.

Applied pressure

2.3 Impact of Operating Parameterson Inorganic Mass Transport in
NF/RO

Operating parameters such as pressure, flow, ctratem, pH and temperature
strongly affect mass transport. They affect then@nt mechanisms, the properties of
the membrane, the properties of the solute anditonsl at the membrane surface. The
effect of each key operating parameter will be eexwdd. Pressure, flow and
concentration are discussed as these are relevar@hapter 4, where changing
renewable energy conditions impact each of thesmgsh The importance of pH is
discussed, as this is the subject of parts of @naptand Chapter 5. The impact of

temperature and energy barriers on ionic transperthe subject of Chapter 7.
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2.3.1 Impact of Pressure

Applied pressure directly influences the perfornemoaENF/RO. Pressure is the driving
force for convective flux and thus strongly impabtsh flux and retention of solutes.

Volumetric flux @,) is directly related to pressure by

— AP B Anmembrane
! MR

J Equation 4

where4P is the applied hydrostatic pressure (bdr)js the osmotic pressure difference
across the membrane (bar) (dependent on concentiatid temperaturey),is viscosity
(mol.m™.s%) andRy (M) is the total resistance which includes the imeme itself and
resistance due to other factors such as concemtrgolarization or fouling. The
applied pressure must be larger than osmotic presauthe membrane surface to

induce transport.

Concentration polarization is a phenomenon thatuscin pressure-driven processes
such as NF/RO [153, 154]. The retained, or p#ytratained, solutes can accumulate at
the membrane surface where their concentrationugthdincreases. A schematic of a
concentration profile is shown in Figure 2-9. Carication polarization results in the

concentration at the membrane surfagg being higher than the concentration in the
bulk (cp). This effect is most significant at low flow arigh pressure conditions.

Backwards diffusion then occurs from the concemmatat the membrane surface

towards the bulk solution.
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Figure 2-9. Generic schematic of concentration poteation (adapted from [153]).
Note that the membrane support later is much thicke than the active layer in
NF/RO but this was not shown on this schematic ati¢ concentration drop occurs

in the active layer when pressure is applied.

The concentration at the membrane surface can loalai@d [153]. This is derived
from film theory considering the steady state cbods which occur when the
convective transport of the solute to the membeqels the sum of the permeate flow

and the diffusive back transport of the solutenas

J,c+ D%f:\]vcp, Equation 5

wherec is concentration (molt), D is the diffusion coefficient (frs?), dc/dx is the
change in concentration across the membrane (fol.land cp is permeate
concentration (mol.£). When Equation 5 is integrated across the baynidger with

the boundary conditions of= ¢, atx = 0 andc = ¢, atx = ¢, this yields

C,—C J,0 _
P :ex;( s j:exp(Jka) Equation 6

where /D is the mass transfer coefficiekt (m.s') which can be experimentally

determined [154]. The relationship provided in &pn 6 can be used to correct
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experimentally measured retention (using bulk agangate concentrations that can be

measured) for concentration polarization.

Concentration polarization results in increased agmpressure, which reduces the
pressure driving force across the membrane. Thusdecreases and there can be an
increased risk of scaling, which is an operatigmablem that can reduce membrane
life. The conditions where concentration polai@atis greatest is for high pressures
and low crossflow velocity [155].

The impact of pressure on retention has been veellHshented in the literature [38, 108,
140, 156-160]. In most cases, a increase in ietemtith pressure is reported [38, 108,
140, 156, 158-160], which can be explained by tiezeiased flux at higher pressures.
At infinite fluxes, intrinsic retention approaché reflection coefficient and observed
retention tends to zero, according to film theofiyjhe contribution of diffusion remains
constant with pressure and the increase in watet furmounts the increase in
convective transport of the solute, and as suchntiein increases. Occasionally a
decrease in retention with pressure is reportefl ¢8&onstant retention with pressure
[108, 156] which can occur for relatively large ek (as compared to the pore size),

which are excluded due to their large size.

2.3.2 Impact of Concentration

The impact of concentration is closely linked tce timpact of pressure due to
concentration polarization.  The retention of Na@écreases with increasing
concentration, which can be explained by the fhat the increased osmotic pressure
difference results in a decrease in flux (and thigher concentrations in the permeate).
Another explanation is that at high concentratimisNaCl (and thus high ionic
strengths), the electrical double layer of the memé becomes thinner [143, 161].
This, in effect, implies that the membrane chamed(thus charge repulsion) has less
influence as the concentration of salt increasd8,[161]. The thickness of the double
layer is called the Debye lengtk®), and is defined as the thickness of the mobiferla
where the potential has decreased to a value opdtential at the Stern planed)
divided by e (e = 2.718). Debye length represdmsdistance from a charged surface

where the electrical energy and thermal energy lzkanced, and the physical
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significance of this is shown on Figure 2-10. Delgngth is concentration dependent.
Detailed discussion of Debye length and the comedmg theories can be found in
aquatic chemistry textbooks such as Stumm and Mof$é2]. For membranes with

small pore sizes (such as Dow Filmtec BW30 or NF30¢ effect of increasing

concentration on retention is very small [143, 16@0n the other hand, the normalized
flux of these same membranes was strongly reduteshwoncentration was increased
[161]. This was explained because due to thedihglof the membrane charge by high
ionic strength, the repulsion in the pores will @&se. This results in more pore
blocking and hence lower fluxes. The most hydriipinmembrane still had the highest
fluxes. In addition, increasing concentration @ases the diffusive driving force across
the membrane. It's important to consider the inpaxf concentration both in bulk

solution and at the membrane surface.

Membrane
with negative
charge groups

Potential

»
»

Distance

Figure 2-10. Physical significance of Debye lengtlx™, nm) represented by
chemical potential decreasing with distance away ém the membrane surface
(adapted from [94, 110, 153]). Surface potential @o; the Stern potential isyp, the
transition from fixed to mobile charge, the actual potential affecting charged
solutes and cannot be measured; and™ is defined as the thickness of the mobile
layer wherewy = yple.

2.3.3 Impact of Flow

Flow impacts concentration polarization in additimnpressure. Crossflow velocity

directly affects hydrodynamic conditions. Masssj@ort at the membrane surface is
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theoretically related to fluid mechanics paramesersh as crossflow velocity, solution
viscosity, diffusion coefficients and dimensionstleé inlet. These interactions can be
represented by empirical hydrodynamic relationsisiypsh as the Sherwood, Reynolds
and Schmidt number [153, 154, 163, 164], howevewy thre highly dependent on
equipment setup due to hydrodynamic variabilitp order to avoid this discrepancy,
the concentration polarization level can be deteeaiiexperimentally using a simple
method described by Sutzkowetr al. [154] which represents a net impact of all of the
conditions affecting the membrane surface (flongspure and concentration). This
method is described in Chapter 3.5 because itgetan experimental measurements.
Koyuncu and Topacik [165] observed that increasexssflow velocity resulted in
higher rejection of NaCl, which is attributed tesdeconcentration polarization under
high-flow conditions. This was most noticeable lfaw salt concentrations [165].

2.3.4 Impact of Varying Energy

As shown in the previous sections, operating camubt(in particular pressure, flow and
concentration) significantly affect membrane parfance and mechanisms. When a
renewable energy source is used to directly pow&RR (without battery storage), the
fluctuations in power input consequently lead toecl changes in pressure and flow.
Therefore, conditions at the membrane surface amirwally changing and all
mechanisms are subsequently affected. Consequevdlying energy leads to
complicated non-steady state interactions and doipes very difficult to isolate

particular mechanisms.

There is minimal information in the literature tradgscribes what impacts fluctuating
energy may have on the effectiveness of the NF/Ré&nionanes, particularly with
regard to inorganic trace contaminants. One esdgly showed that variable feed flow
velocities have very little effect upon the qualityquantity of the water, provided that
the feed velocity is not reduced to zero [166]. other study suggests that if flow
through the membrane was discontinued for any desajth of time (not formally
assessed), the pressure dropped considerably Weesystem was restarted and the
permeate salt concentration would overshoot to kegbes before returning to normal
[167]. Parket al. [168] used wind energy to power a reverse osmegsem over
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fluctuating conditions (wind speed, wind turbulemtinsity and period of oscillation).
For a feed water containing 2750 mg.INaCl, the system produced good quality
permeate (< 600 mg?) for all conditions. At a higher feed concenwatiof 5500
mg.L™* NaCl, fluctuations had a larger impact on perfatneaand an average wind
speed of > 7 m5was required to produce adequate permeate (< &@P0%). The
studies which have been conducted on fluctuatirgggnhave not evaluated the impact
on trace contaminants. The area of RE-membrarteragsopens an exciting realm of

research questions and has importance in applichsed design.

2.3.5 Impact of pH

As already discussed, NF/RO retention highly depem both solute and membrane
characteristics as well as operating condition®[160]. Solution pH is very important
because it affects not only the different formse¢ses) in which a solute is present in a
solution (changing properties such as size, changg hydration), but membrane
characteristics (such as charge and pore sizepth$43]. Thus, pH can impacts both
water flux and solute retention mechanisms (hanuigrge and size interactions),
making pH an important parameter for ion retentiorNF/RO [107, 112, 141, 171,
172].

Solute speciation depends on the specific conditafrthe feed solution, including pH,
ionic strength, total elemental concentrations, perature, and pressure [173].
Different species of the same solute have diffedmdracteristics such as size and
charge, which affect retention mechanisms. Fomgte, if an uncharged solute is
deprotonated at its acid dissociation constguid,), charge exclusion may become
significant. A change in species affects hydratstate and consequently hydrated

radius, thus impacting retention when size exclusamportant [37, 77].

Membrane characteristics such as zeta potentidl [di7d hence retention properties are
affected by pH. Solution chemistry, in particuldve presence of salts containing
divalent ions, impacts zeta potential due to thefgrential adsorption of divalent

cations rather than divalent anions to the membsamnkace especially in the higher pH

range [174]. Generally, increasing feed water pbllts in an increasingly negative
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surface charge for most polymeric membranes. Suiesely, electrostatic interaction
between ionic compounds and the membrane surfage acaording to solution pH
[143], with minimal retention typically occurringr@nd the isoelectric point of the
membrane surface due to the minimized electrosgdtects [104, 111, 138, 141, 172].
Additionally, pH impacts the dissociation of thenfional groups on the membrane
surface which can impact the “openness” of the pftd3]. A study by Childress and
Elimelech [143] observed NaCl retention was diseotlated to membrane pore charge
(rather than the membrane surface), with minimutentéon at the isoelectric point of
the membrane pores. However, this is not the éasall membranes [143]. The
importance of pore charge is particularly importtort “loose” membranes, when the
hydrated radius of the solute is smaller than thwe padius [124, 143]. These studies
show that pH can affect both the charge and paeedithe membrane.

Many of the current research efforts towards undading pH impact have focused on
evaluating arsenic removal specifically becaussafeased attention to this particular
contaminant as millions of people worldwide arerisk of acute or chronic arsenic
poisoning due to arsenic naturally occurring inugrwater [27, 28, 175]. One study
concluded that pH control for RO membrane feed mwiat@ssential for the successful
removal of arsenic but that the effect of solugudh on antimony removal is negligible,

largely due to the chemistry of both compounds’cggee in natural waters [176].

Another study looked at arsenic species indivigualketermining that the removal of
arsenate (A¥) was nearly steady from pHs in the range of 3QpHut that arsenite

(As*") rejection increased approximately above pH 7esBhresults were explained by
the chemical equilibrium of arsenic compounds [177Dther studies have also
concluded that pH affects arsenic removal, witlaltarsenic rejection increasing with
increasing pH [175, 178, 179].

Several studies have also assessed the impact ajnptthe removal of other trace
contaminants. A study evaluating the rejectioranionic model substances with NF
determined that the extent of retention of muléwvdlsalts significantly depends on pH
and membrane characteristics [38]. Other studse Hocused specifically on boron
removal, and have determined that the rejectiobonbn also depends greatly on pH,

with highest rejection occurring at pH above apprately 10.5 to 11 [99, 180].
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Nitrate rejection was shown to increase with pHueein 5 and 9 for some membranes
in a study that varied pH, nitrate and sulphate ¢oncentration [54]. Ballegt al.
concluded that phosphate retention increased fi@¥h #® 95% when the pH of solution
increases from 2.8 to 6 and then the phosphatetie@jeremained almost constant from
pH 6 to 10 [108]. The large increase in rejectnserved at low pHs is likely caused
by a combination of the increase of phosphate {orsstly HPO,) and the membrane
charge becoming increasingly positive [108]. Thbsequent levelling-off of retention
is explained because an increasingly negative aidan only reject negatively charged
solutes to a certain level before the effect isetffoy pore expansion or membrane
swelling [108]. Bellona and Drewes made a sinolaservation when they assessed the
impact of pH on the retention of several organicl®§111]. Increasing feed water pH
from 3 to 7 resulted in a significant increaseafection of organic acids which closely
follows the percentage of the deprotonated spdoresach of the compounds and can
be explained by a combination of the solutes beognmore deprotonated and the
membrane charge becoming increasingly negativdtiregun an increased degree of
electrostatic repulsion [111]. The maximum regctof lactate was found at a neutral
pH, since the increase of charge repulsion at highewas cancelled by a decreased
sieving effect through membrane swelling as the ip¢teased [111]. Bellona and
Drewes hypothesized that the increase in perméalii a result of increased surface
electronegativity may offset the expected increassectrostatic repulsion between the
membrane and solute [111]. Based on their expaitsné appears that an increasingly
negative surface charge can only reject negatichbrged solutes to a certain level
before the effect is offset by pore expansion omim@ne swelling [111]. Other studies
have also reported that rejection of organic aoddseased as the pH approached the
pKs [181, 182]. All of these results emphasize the angnce of pH on trace
contaminant removal. This will thus be the submcChapter 4, where the impact of
pH on the retention of real groundwater is evaldiagend subsequently the subject of
Chapter 5 where the impact of pH specifically oa tamoval of nitrate, fluoride and

boron is addressed.
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2.3.6 Impact of Temperature

Temperature also affects transport in NF/RO. Priilgnatemperature increases the
process of diffusion because molecules at highepésature have more internal energy.
By increasing energy, the proportion of soluteshvehergy greater than the activation
energy of transport is significantly higher, so ttreerall transport increases. The
activation is due to the hindered nature of transftat occurs when membrane pores
are similar to the ionic and/or hydrated size otewvand dissolved solutes. Because
transport through the pores can be substantiafigered, transport is subsequently an
“activated process”. Each of the mechanisms dmuties to the net activation energy,
which is the energy barrier that needs to be oveecin order for transport to occur.
Because of the strong influence of temperaturend@rnal energy, temperature is a
driver which easily affects the proportion of iomgh sufficient energy to overcome the
barrier to transport. The increase in ion transpdth temperature is usually explained
by a reduction in solvent viscosity, an increasesatvent diffusion coefficient, an
increase in polymer chain mobility [163, 183-18%]aochange in pore size/membrane
structure €g.swelling) [136, 183, 185-187].

Although NF/RO are conventionally operated at ambiemperatures, a rapid increase
in proposed NF/RO applications such as water treatnin the sugar and textile

industry and purification of condensate water frpower generators have instilled

interest in understanding the effect of temperatnmeNF/RO transport phenomena
[163]. Further, temperature can be an importardmater if a membrane system is run
in the field due to the ambient temperature andgpogheat.

2.3.7 Arrhenius Energy Barriers

Because temperature directly impacts NF/RO perfaoady increasing diffusion and
changing polymeric properties, Arrhenius theory baen applied to NF/RO. This is
important because Arrhenius theory allows a reatestip to be established between
temperature and mass transport or reaction ratéhéydetermination of activation

energy barriers. The temperature dependence adrveaitd solute transport through
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membranes and dense films has been described bprthenius relationship in a
number of cases [118, 119, 184, 186, 188-193]. Airkenius relationship relates
temperature and solute flux, allowing a determoratf the energy barrier from flux

and temperature measurements [78] according to

In(k) =In(A) —(ERf" El_%j , Equation 7

wherek is solute flux (mol.H.m?), A is a pre-exponential factor (- is the gas
constant (kcal.malK™), T is temperature (K) anB, is the activation energy or energy
barrier (kcal.mof). The slope of a linear plot of (k) versusT* gives the energy

barrier.

Activation energies for the transport of water agious solutes have been reported.
However, thus far, energy barriers for NF have be#n linked to energy requirements
for the partial of full dehydration of an ion. Bhis important because experimentally
determined energy barriers can be compared witldaonental energetics of ion
hydration and ion transport. This is the interasthe current work (Chapter 7). A
review of the activation energies that have beponted in the literature for transport in
NF follow.

Activation energies of pure water permeation for &@ inorganic NF membranes have
ranged from around 4.3 to 7.2 kcal.Mm§118, 163, 183, 188]. Another study reported
energy barriers for pure water varied from thatfoiselle pore flow (4.6 kcal.md) for
membranes with little or no salt rejection to nedrlkcal.mol* for membranes with salt
rejections in the order of 99% [188]. For an arbmpolyamide membrane (Filmtec
NF-200B), activation energy for pure water was am.0 kcal.mot and about 8.4
kcal.mol* for a mixture of 9% (w/v) NaCl and 2% (w/v) lactaat pH 3 [190]. The
increase in activation energy with concentratedtsms was explained by the degree of
swelling of the polymeric membrane decreasing, thesoming more geometrically

constrained [119].

Energy barriers have also been reported for thesp@t of some neutral organic
solutes. Neutral solutes were selected becaugeatieewell defined and lack complex
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charge interactions [183]. Consistent with freduwte theory of activated gas
transport, activation energies of the permeabdityeutral organic solutegq. sucrose,

dextrose, glycerol, ethanol, methanol) in aqueyssesis increased with Stokes radius
and molecular weight indicating hindered diffusion membrane pores [183].
Rejection of neutral solutes (raffinose) decreaséth temperature due to steric

hindrance/molecular sieving (resulting in relatwklrge energy barriers) [163].

For salt transport, apparent activation energiesatiftransport in RO membranes have
been reported in the range of 4.8 to 7.2 kcalmjall8, 188]. The energy barrier of
potassium chloride ranged from 11.9 to 12.9 kcdlvin NF (NF200) from an ion-
exchanged solution containing potassium clavularfa&3]. Tsuruet al. [163]
compared the activation energy of different neusirad charged solutes in nanoporous
titania membranes on the basis of molecular siesang charge effects. They
determined that the energy barrier for neutral tesluis actually larger than for
electrolytes because neutral solutes have a magts path through the membrane,
where as charged solutes are “protected” by a @olayler so they just pass quickly
through the membrane. The electrolytes NaCl andCl¥igemained constant with
temperature, which indicated charge effect (Doneanlusion) was approximately

constant and resulted in comparatively small enbagyiers [163].

Energy barriers experimentally determined repre@net transport process, although
some efforts have been made to split these intieagit and entropic thermodynamic
contributions [136]. Enthalpy values were 3 —+bds larger than entropic, suggesting a
enthalpy-driven process [136]. Viscous and noreus contributions to energy
barriers can be also be calculated [163, 183, 184he activation energies are greater
than just the viscous contribution to bulk diffusidransport across the membrane is
considered hindered [163, 183]. Non-viscous cbatidns to activation energies for
pure water transport across two polymeric thin fdemposite NF membranes were
calculated to be 0.931 and 1.53 kcal. mf183]. Although energy barriers have been
looked at in a number of cases, there has beerinkomade yet to the potential

dehydration of ions during pore transport.

55



Chapter 2. lon Transport Principles: A Review

2.4 Modelling of lon Transport in Nanofiltration and Reverse Osmosis

A number of models are used to attempt to undeistard predict ion transport in
NF/RO, and a brief review of the typical descriptimodels follows. There are
different categories of NF/RO models, namely thieviersible thermodynamic model
[194, 195], the Stefan-Maxwel model [196], and Hyelrodynamic model (which has
many slight variations based upon the same coreiptes). By far, the most widely
used is the hydrodynamic model, which is basedh&ffextended Nernst Planck (ENP)
equation. A summary of available models is showTable 2-3.

The irreversible thermodynamic model and the Stdélamwel model, although
represented by different equations, are equivadendt consider the membrane to be a
black box when deriving phenomenological equatid®6]. The hydrodynamic model
differs by assuming a geometrical model of the meamd, thus deriving all of the
transport equations based on this geometry [10%le hydrodynamic model has been
widely used for NF pore size characterization bseaaf its direct derivation from
physical geometry [197-199] and reasonable altiitgescribed NF performance [198].
The hydrodynamic model was used in this thesisharacterize membrane pore sizes
(Chapter 3.2.3), and the details are discussdukiméxt section.

Alternatively, RO membranes are often consideretlgalense, non-porous materials.
As such, the pore assumption made in the hydrodynamodel is not applicable.

Permeation is slower and rejection is not due &visg but instead the solution
diffusion mechanism. In these circumstances, swormiffusion is the most widely

accepted explanation of water transport in RO mamds, and the solution diffusion
model is commonly used to explain transport [13ome argue that in tight NF

membranes of pore radius between 0.25 and 0.5 wh, fore flow and sorption

diffusion can occur [135]. However, the majoritiytbe work presented in this thesis
deals with NF and assumes that a pore (of somaitlefi is present), and thus the
hydrodynamic model is best because it accountthisigeometry.
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Table 2-3. Summary of available models for transpdrin NF/RO.

Transport Primary Basis Comments Reference
Model Application
Irreversible RO Black Membrane assumed to be a[194, 195]
thermodynamic box black box, not possible to
model characterize structural or

electrical properties
Solution- RO Black Solutes dissolve in the [135]
diffusion model box membrane material and then

diffuse through the

membrane according to a
concentration gradient.
Assumes uniform pressure
within membrane and
chemical potential is
expressed only as a pressure

gradient.
Stefan-Maxwell RO Black Force balance conducted [196]
model box where sum of force on a

molecule is balanced by
friction. Based on diffusion
Application is low due to
mathematical complexity.

Hydrodynamic NF ENP  Describes creeping flow of [200-203]
model: charged species through
Electrokinetic charged capillaries. lons are
space-charge treated as point charges

model defined by Poisson-

Boltzmann equation. lon
transport across pore guided
by the extended Nernst
Planck equation.

Application is limited by the
numerical complexity of the

calculations.
Hydrodynamic NF ENP  Derived from space-charge[36, 199,
model: models but with the 204-206]
Improvements approximation of radially
to the space- homogenous ion
charge model concentration and potential

across the pore (valid when
surface charge density is
relatively small and pores
are sufficiently narroneg.
normal NF conditions).
There are many similar
versions of this model.
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Hydrodynamic NF ENP  lon transport described by [36]
model: Donnan- extended Nernst Planck,

Steric Pore slightly modified to include
model hindered transport and

equilibrium partitioning to a
combination of electrical
(Donnan) and sieving
(steric) mechanisms. Most
commonly used NF model.

Hydrodynamic NF ENP  Based on DSPM model with164]
model: Donnan- incorporation of non-

Steric Pore ideality of electrolyte

model with solutions and concentration
Dielectric polarization at the

Exclusion membrane/feed solution

interface. A program for
numerical integration is
provided by Geraldes and
Brites Alves [164]

2.4.1 Extended Nernst Planck (ENP) Hydrodynamic Model

NF is often studied using models originally buitt tundamental principles of hindered
transport [207] and solution diffusion [135]. Gemtly, most NF models are based on
numerically solving the ENP equation and includeasate terms for diffusive,
convective and electrostatic contributions [1434,1498, 208-211]. Detailed effects
such as concentration polarization [212] and chadgorption inside pores [213] are
now being included in transport models. These nsodssume that NF membranes
have pores [36, 37], yet a point of controversya® about where actual NF ‘pores’
lie in the spectrum between discrete pore and devaserial [38].

The Donnan steric partitioning pore model (DSPMigioally developed by Boweat
al. [210], is recognized as the most commonly used lzasl proven to be useful in
describing relatively simple systems in NF [198This model is based on the ENP
equation and accounts for ionic contributions frazonvection, diffusion and
electromigration through cylindrical membrane poréss coupled with an assumption
of electroneutrality within the membrane as well Bennan equilibrium at both
interfaces between the solution and membrasge fulk and permeate side). The

membrane is assumed to be a charged porous s&uttaracterized by pore radius,
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thickness to porosity ratio and charge density.e Vblumetric flux within the pore is

assumed to follow a Hagan-Poiseuilli parabolic jeof

The principle of ENP is that solute fluja, mol.m>.s") of a particular soluteresults
from the sum of contributions from diffusioni fson Mol.m%s%), convection

(ji.convection Mol.M2.s%) and electromigratiorjiharge Mol.m?.s%) as in

ji,total = ji,diffusion + jicharge + ji,convection' Equation 8
The detailed form of this equation, where the fitstm is diffusive, the second

electrostatic and the third convective, is

cD F .
D, dg _23GDipk dg, | K..cJ,. Equation 9
P dx RT dx €

Ji =
Here,Dip (m?.sY) represents hindered diffusivity as defined by

D, =Ky [Di,, Equation 10

whereD; ., (m”.s?) is the diffusion coefficient in bulk water amty (dimensionless) is
the diffusive hydrodynamic coefficient, which ispgmdent on the ratio of Stokes radius
to pore radiusk, dimensionless). It is very important to notet tie@ solute size here is
based on Stokes radius. In Equation 9, the diifagein concentration across the
membrane active layer @&g/dx (mol.nm%). The charge term contains ionic valenge (
dimensionless), concentration in the membranenfol.ni®), Faraday’'s constanf(
C.mol%), the gas constanR(J.mol*.K™), temperatureT, K) and the change of the
potential across the active layerpfddx, V.nm'). The convective term contains the
convective hydrodynamic coefficieKt . (dimensionless) which is again dependent on
%, and the volumetric fluxJ, (m>.m?s%). The relative contribution from each
mechanism can be calculated by dividing the pdeticd@rm {i gittusion ji.convection Ji.charge

by the total value of solute flux Gtal)-
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Another form of the expression is shown in

dg zC D, F dg, +K e -cD. d[lnyi]_CiDi,pv_f
icYi Yv i !

-D, — . . Eqgn 11
P dx RT dx P dx RT ' dx

Ji =
where all terms are as previously describedmol.ni®) is activity anddP/dx is a
“pressure diffusion” term which comes from the gree dependence of chemical
potential [94, 214]. The two additional terms bistequation are not considered in the
common NF models because they are considered tee@ligible [204, 214] and for

reasons of numerical simplicity.

One challenge in solving the ENP equation is therd@nation of hydrodynamic drag
coefficientsK;. andK;q4. Solutes moving in free solution are affectedabgrag force,
which is amplified when solutes move into a confingpace where transport in
hindered, such as a membrane pore. The restigtibdynamic coefficients include
both a convectiveK c) and diffusive Kiq) term and are functions of the ratio of Stokes
radius to pore radiuslif. Theoretical consideration of hindered transponores has
been through reviewed [105] and there are a nummbsimplified correlations offered
in the literature for specific values &f However, most of these expressions cover only
a small range of; which limits their use generally to ultrafiltraticand microfiltration
scale. The most complete expressions, valid fer#) < 1, were used in membrane
characterization and were provided by Bungay arahBer [215, 216], and reviewed by
Deen [105]. The Nanofiltran program [164] for numal integration utilized
coefficients provided by Dechadilok and Deen [21V¥lavrovouniotis and Brenner
[218], and Enni%t al.[219].

Although the use of ENP theory was not the primabjective of this thesis, the
principles outlined here were used to determinedlaive mechanistic contributions of
selected experimental data. Membrane charactenzavas completed using the
method for neutral organic solutes outlined by MNghiet al. [216] to determine

membrane pore size and thickness to porosity r@#scribed in detail in Chapter
3.2.3). During the analysis of experimental resphesented in Chapter 7, the full ENP

equation including charge was solved for ionic gggeasing the Nanofiltran numerical
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solver program developed by Geraldes and Brite®#\[lL64] in order to get a relative

idea of the predicted mechanistic contributiongdiied results are not presented).

2.4.2 Limitations of Current Models

A major limitation in current NF models is the defion of solute size because most
models use Stokes radius [36] or ionic radius [2BQ} this is inherently inaccurate due
to the process of hydration. lons are hydratedshell of dipolar water molecules,

which means that the mobile entity is the ion withhydrated shell rather than just the
bare ion [76]. Despite the fact that hydratiomeéglected in NF models, the importance
of hydration has been demonstrated numerous timpsrienentally, as discussed in

detail in Sections 2.2.1 and 2.2.5 [77, 85, 122}125

Hydration during pore transport processes is ndtessed in NF models for a number
of reasons. Firstly, the lack of available hydratidata relevant to NF is a major
limitation. Determining information about hydratidree energies and structure is
difficult. While data exists for a variety of ionf0-82], these lists are not
comprehensive [85] and there is considerable diserey on reported values due to
differing methods and assumptions used, as showahie 2-1. Data is insufficient for
many drinking water contaminants, such as nitritenibrate. Secondly, hydration
during pore transport includes complex interactiomgh the membrane; hence
information on hydration in bulk solution cannotdyeplied within the pore. Thirdly, if
partial or complete dehydration occurs during thaecess of transport [77, 125, 126],
the hydrated radius is therefore a transient paiemand very little is known about
how to account for this in transport models. A endetailed approach is thus required
that incorporates the interaction of water molesulgth the ion as well as the

interaction between the hydrated ion and the pore.

2.5 Modelling of lon Transport Using Molecular Dynamics

Another tool that can be used in the modeling of ti@nsport is molecular dynamics
(MD). The motivation is that MD may be used to @peally examine the impact of
ion hydration on transport through membranes, wiscan issue that is not addressed

by current NF/RO models. MD is a classical simalattechnique which allows the
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determination of dynamic processes and interactomasirring at the atomic level in a
given system [220, 221]. Much recent effort hagrb@laced on examining the
transport of water and ions through modelled biwlalgion channels and carbon
nanotubes using MD [56, 222-225], however the apfibn of MD techniques directly
to NF has not largely been realized. The aim adfiiér 6 is to conduct MD simulations
in order to look at the specific role of ion hydoat during transport through generic
pores of similar size to NF pores. Most of theutdn this area has been given to
biological ion channels, so the influence of iodiation in biological channels will be
discussed. The hope is to extend the knowledggraat in these studies to be relevant
to NF.

The concepts and algorithms underlying MD are ieah#ly complex, and thus, a
balance must be made between accuracy and progesgabilities. Modern MD has
been developed in enable high-performance simulationolecules in environments of
100,000 atoms or more at realistic time scaées 10° s for atoms) [220, 226]. This

involves programmed algorithms for efficient nuroali integration of Newtonian

equations of motion, statistical mechanism methimilscontrolling temperature and
pressure, efficient evaluation of electrostaticcés and the calculation of alchemical
free energy differences. A program called NAMDGR% a popular high-performance
molecular dynamics simulation technique that hasnbsuccessfully employed in a

number of applications, especially in membrane ysgs [126, 127, 227, 228].

In biological ion channels, the molecular basiselectivity is due in part to the ion’s
hydration properties [229-232]. Specific bindinges are located in selective transport
proteins which identify the ions in their partialty fully dehydrated forms. Selection
depends upon how well the interactions with thetginoin this binding site can
compensate for the energetic cost of ion dehydrgi#29]. The selectivity of most
classes of anion channels corresponds to the [yictsequence, with weakly hydrated
anions €g. nitrate) showing a higher permeability than stigrigydrated anionseg.
fluoride) due to the dehydration energy requiredtfansport [233, 234]. However, the
majority of work on anionic selectivity in ion chaels has largely focused on chloride
because chloride is the only halogen ion used wndbnce in biological systems.
Chloride transport is typically controlled by chtte channel transport proteins which

have an hourglass-shaped chloride selectivityrfilbich forms a row of binding sites
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for the fully or partially dehydrated chloride i¢gR35, 236]. This filter is not highly

selective between chloride and bromide [237], bigt is not required in nature.

Alternatively, cation channels are highly selectared are constructed differently than
the chloride channel proteins by having large ageewestibules within the
transmembrane spanning portion of the membrane].[2R#ferences in hydration are
important in explaining the extremely precise silgy in potassium channels (and
other cation channels) that are up to 1000 timesenpermeable to potassium than
sodium. Although sodium is a smaller ion, the ggeequired to remove the hydration
shell is greater than the energy gained by intergawith the carbonyl oxygen in the
channels as compared to potassium [238]. The e&seonstraining a hydrated
potassium ion inside a narrow pore relative to atelt sodium or lithium is highly

dependent on pore radius [239].

In carbon nanotube membranes, ions were shown ‘e Hdferent energy barriers
depending on ion type, pore size and pressure wh&ring hydrophobic pores as a
consequence of dehydration [126, 127]. The enierg&pense of chloride transport in
cylindrical SgN4 nanopores was also directly related to the smgpmif ion hydration
layers [128].

The knowledge and techniques utilized in these MBukations is highly relevant to
NF, but very few studies have yet applied thesencles to drinking water
contaminants. The limited studies have involvemusating the transport of water
and/or ions such as chloride in carbon nanotub28, [127, 223-225]. This presents an
exciting opportunity to apply the knowledge of th@ansport of hydrated ions in

biological channels to drinking water contaminaaris NF.

2.5.1 Molecular Dynamics Theory

A brief review of the theory of MD is provided. Bgmic processes and fundamental
atomic interactions are determined with MD [2201R2Successive configurations of
the system over a series of time steps are gedeusiag Newton’s laws of motion,

which can be stated as:

63



Chapter 2. lon Transport Principles: A Review

1. A body continues to move in a straight line at ¢ansvelocity unless a force
acts upon it.
2. Force equals the rate of change of momentum.

3. To every action there is an equal and oppositeiteac

Trajectories are obtained using Newton’s Second, Law

F. =m & Equation 12

by solving the differential equations embodied vt

2
d Xi Xi

dt> m

Equation 13

The trajectory can then be determined for any garti, of massm (kg) along one
coordinatex;, with acceleratiors; (m.s?) and Fy; (kg.m.s?) being the force on that
particle from a given direction. To clarify noméatare, a “particle” in the MD context
refers to the specific atom, ion or molecule unoarsideration, and does not refer to a

colloidal solid of considerable size as sometimescdbed in the membrane field.

2.5.2 Force Field Parameters

In order to understand the motion of a given plrtat each coordinate of a trajectory,
the forces acting upon that particle must be knowme way in which these forces can
be determined is by the use of a force field. finee on a particular atom is calculated
at any given coordinate or trajectory within a systfrom the gradient of the energy
potential,

Fi = UViar - Equation 14

The simplified potential energy functioN{: kcal) incorporates both bonded {erna;
kcal) and non-bonde®{xema kcal) interactions [221] such that
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Vtotal :Vinternal +Vexternal' Equation 15

The internal energy contribution¥{ema) are associated with covalently bonded atoms

and is expressed as

\/internal = Z kb (b - bO )2 + Z kH (9 - 90 )2 + z kt [1 + COint - U)] ! Equation 16

bonds angles dihedrals

whereb (A) and @ (deg) are bond length and angle, respectivelys@itt 0 signifies
the equilibrium value,k is the associated force constamt, is multiplicity
(dimensionless)t is torsion angle (deg) andl is the phase (deg), each of which is
described in the following text. The internal admitions account for covalent
interactions between atoms in close proximity. drder to best explain these
interactions, a generic schematic of a moleculeveigthese interactions is provided in
Figure 2-11. The first two terms in Equation 16imke the bond stretching and angle
terms which are treated harmonically. This ke@pshionds and angles valuesafdé,
respectively) near the equilibrium points &ndé,). Force constants, (kcal.mol*.A?)
andk, (kcal.mol*.rad?) are like spring constants associated with eagh.teThe final
bonding term, torsion, is applicable when theredaoe more atoms in a molecule and it
describes, for example, the angle between atomarid3-4 when viewed along the 2-3
bond. This angle is known as the torsion anglend it is periodic in nature. The
torsion force constant ls (kcal.mol*.rad?), nis multiplicity or periodicity ands is the
phase. The periodicity indicates the number ofles/ger full rotation around the
dihedral. The phase dictates the location of th&ima in the dihedral energy surface
allowing for the location of the minima for a diratlof n=2 to be shifted from 0° to

90°. Typically the phase is either 0° or 180°.
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Figure 2-11. Generic representation of moleculetillustrate the various force
field parameters (adapted from [221]).

Nonbonded interactions occur between all atoms &ystem and strongly impact the
behaviour of any atom. The external enerd¥.«éma) represents nonbonded or

intermolecular interactions between atoms andl@utzted from

nonbonde I I g[) rij

! ij ij
atom pairs

12 6
Vexternal = Z gij (Rﬂin/ZJj J _( RninIZij ] + q g ) Equation 17

whereg; (kcal) is the potential energy well depRuin2j (M) is the distance between
atomsi andj of minimum interaction energyj; is the distance between atoms (mjs
lonic charge andp is the dielectric constant. The term in squaeckets in Equation
17 corresponds to the van der Waals (VDW) intepasti VDW interactions are
typically reported as the Lennard-Jones (LJ) 6dr2nt which is the form shown in
Equation 17. The;'? term represents the exchange repulsion betweensatioe to
overlapping electron clouds (the Pauli exclusiom@ple), which is a very strong
function of distance. The negatir/ip:6 term represents favourable London’s dispersion
interactions or instantaneous dipole-induced dipateractions. In this LJ form, there
are two parameters. The first is the potentialrgneavell depth &;) describing the
magnitude of the London’s dispersion interactioatMeen atoms andj. The second
parameter i&Rmin/2,j Which is the distance between atonasdj where the minimum LJ
interaction energy occurs. Typicalbg, andRmin,ij are not determined for every single

atom pair in a system, but rather for the typesdividual atoms (for example for all
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oxygens in water). A general schematic showing dbalitative meaning of; and
Rmin2,j follows in Figure 2-12. The quantitative valuge abviously dependent on the

two atoms interacting.

V, ow (€Nergy units)

Interaction Distance, r (distance units)
Figure 2-12. Generic representation of van der Wda potential energy diagram.

The second contribution to non-bonded interactisghe coulombic interactions
between two charged atoms, and is dependent arhtlrge ) of each ion, the distance
between themrf) and the dielectric constantpj which is generally equal to 1 (the
permittivity of vacuum).

Therefore, once all of the force field parameteeskanown, the entire potential on each
atom is calculated. This process is repeatedlfdy@es of atoms in a given system. It
Is important to note that the equations providedhis section represent a generally-
accepted compromise between simplicity and chenaicaliracy. Initial positions and

velocities are required in order to begin a MDdcapry.

These concepts have been widely applied to thesgmah of water and ions in ion
channels and carbon nanotubes [126, 127, 223-226]|not directly applied to NF.
This presents an exciting opportunity to use MRpply the knowledge of the transport
of hydrated ions in biological channels to drinkmgter contaminants and NF. This
fills a gap in current knowledge because it allathe specific examination of ion
hydration during ion transport through a pore, whig not considered in existing NF

models.
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2.6 Review of Research Objectives

This chapter has reviewed the literature availapoléhe properties of inorganic ions in
water, NF/RO mechanisms for inorganic solutes,ii@act of operating parameters on
NF/RO and the modelling techniques available. tdeo to understand how the
research objectives fit into the existing body nbwledge in this area, a more detailed
description than was presented in Chapter 1.6 vigllo The aims and research
objectives of each of the four core areas of thesis are reviewed.

NF/RO mechanisms are highly dependent on solutpepties, operating parameters
and membrane properties. While a number of studge® examined mechanisms in
very simple systems, understanding membrane peafocen in real groundwater
provides a significant challenge due to complicagmundwater matrices (pH,
composition, ionic strength, speciation). Furthgperating a RE-membrane system
with no battery storage results in energy fluctuati and varying operating parameters,
all of which affect NF/RO mechanisms and perforneanclhe aim of the first core
results chapter, Chapter 4, was to critically eatdudata collected previously during a
field trial in Australia in 2005. The specific &gjtives were to
* understand the impact of energy variation on resant
» determine the role of pH in this process (with rdga chemical speciation and
system performance);
* determine the dominant mechanisms of ion retentioaal groundwater;
e compare system performance at different locatioeacl{ with different
groundwater); and
e evaluate retention without the influence of comgiel groundwater matrices

using synthetic water and controlled energy coongi

The results obtained in Chapter 4 brought to ligteéresting research questions about
the relationship between pH, solute speciationratehtion. Although the relationship
between pH and retention for fluoride, nitrate dmfon has been explored to some
extent [49, 51, 54, 107, 240-242], the specifik lipetween solute speciation and
retention has not been made for those contaminamtee aim of Chapter 5 was to

complete initial work conducted by a previous sthide order to thoroughly evaluate
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the specific impact of pH on the removal of thesataminants in bench-scale studies.
The specific objectives were to
» predict the chemical speciation of boron, fluoratel nitrate as a function of pH;
* measure retention and flux of these solutions danation of pH with six
different NF/RO membranes; and
» determine the relationship between speciation aetention for these

contaminants.

The selectivity of monovalent anions observed im@ar 5 emphasized the hypothesis
that ion hydration is a very important parameteidétermining retention in NF/RO.
This remains an area which is not well-understondNiF/RO, despite anecdotal
evidence of retention trends corresponding to hedrasize. As such, a molecular
dynamics model was created in order to evaluatanip®rtance of the hydration of
monovalent anions (fluoride, chloride, nitrate,rité) as the ions transport through
narrow cylindrical pores, which was the overall aoh Chapter 6. The specific
objectives were to

» determine the hydration structure of the anionsuik water;

* investigate the hydration of these ions duringdpamt through a generic pore,

as a function of (i) pore size; (ii) ion type; afig surface charge; and
» determine the energetic barriers of transport @hting free energy profiles in

each of these scenarios.

Experimental evidence of dehydration occurring migiritransport in real NF/RO
membranes is an area still yet to be establisfidte overall aim of Chapter 7 was to
gain experimental evidence of dehydration occurriag a proposed transport
mechanism in NF by comparing Arrhenius energy besrito molecular dynamics
simulations. The specific objectives were to
» determine the retention and solute flux of monavakmions as a function of
temperature and pressure;
« relate solute flux to energy barriers for differéntion types (sodium fluoride,
sodium chloride, sodium nitrite and sodium nitraéed (i) membrane types

(with different effective sizes); and
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* link experimental energy barriers with the res@iitsn the molecular dynamics

simulations discussed in Chapter 6.

Before delving into the results, first the methads materials used experimentally will
be described in Chapter 3.
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Experimental Methods and Materials

This chapter describes the methods and materiad egperimentally in this research.
The materials included different membrane systembeach scale (stirred cells,
crossflow and diffusion cells) and pilot scale @emble energy-membrane system).
Other materials included commercially-available neames (and their characteristics)
and chemicals. The analytical equipment and tephes used in this project are
described in this chapter, including ion selectiglectrodes, a nutrient analyzer,
inductively-coupled plasma optical emission spestdopy, inductively-coupled plasma
mass spectroscopy, total organic carbon analysid imm chromatography. Common
experimental protocols are reviewed here and spedétails are discussed when
relevant in Chapter 4, 5 and 7. A summary of comexperimental calculations and

error analysis is included.

3.1 Membrane Systems

A number of experimental systems have been ustgkinompletion of this research
project, including stirred cells, crossflow, diffas cells and a RE-membrane system.
Table 3-1 shows a general comparison of the expertiah systems used, and a detailed

discussion of each system (description, use andrampntal protocols) follows.
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Table 3-1. General comparison of experimental systes used (for broad
comparative purposes only).

Typical Parameter Range

System Primary Use Membrane Pressure Feed Flow Permeate Flow
Area (cm?) (bar) (L.min™?)  (L.minY*

Stirred Cells Bench-scale 21.2 or <8 -- < 0.008
filtration 38.5

Crossflow Bench-scale 46.0 <30 <2.0 <01
filtration

Diffusion Cells Diffusion 4.91 0 -- --
experiments

RE-Membrane Pilot-scale ~78000 <12 <8.3 <3.3
filtration

*note that permeate flow is strongly dependent @miorane type and water composition

3.1.1 Stainless Steel Stirred Cells

The first type of bench-scale equipment used watkaialess steel stirred cell. Stirred
cells were used for two main objectives: (1) toeassthe impact of pH on inorganic
contaminant removal [171] and (2) to charactereleted membranes. Stainless steel
stirred cells are enclosed cylinders used for demd filtration experiments. A
membrane is placed on the base of the cell, whidiiled with solution, stirred via a
magnetic stir bar and pressurized. Permeate solthien passes through the membrane
and collected on the outside of the cell. Twoat#ht types of magnetically-stirred
stainless steel cylindrical batch cells were usedfiftration experiments. A small
stirred cell was used in this project for pH expemnts (Chapter 5) and larger stirred
cells were used for selected membrane charactenz@Chapter 3) for consistency and

because three could be used at the same time.

The volume of the smaller stirred cell was 185 muhgd the membrane surface area was
21.2 cnf. The cell contained a plastic magnetic stirrereassy (Millipore, Watford
UK) which was stirred at 300 rpm using a magnetiicgate (Fisher Scientific, UK).
Further details about the cell and the hydrodynanaie provided by Schéfer [243].
The cell was pressurized with compressed air angopgd with a pressure relief valve
(Norgren V07-200-NNLG, UK). Pressure was measwsithg a pressure transducer
(OmegaDyne PX219-30vV85G5V, USA, accuracy = 0.25%) gpermeate mass

measured with an electronic balance (Ohaus AdventRro, UK, accuracy = 0.1 Q).
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Pressure and weight were recorded using a datas#éamu module (Omega OMB-
DAQ-54, Omega Engineering, UK) on a computer usiradpVIEW 8.0 (National
Instruments, USA). Figure 3-1 and Figure 3-2 slaoschematic and photograph of the
experimental apparatus, respectively.

Pressure
Gauge
Compressed Air

_______________________________

< Feed inlet
= eed inie Datalogger -------+
and pressure |
relief valves | i
Comp- - ! !
ressed Stirred ! !
Air Cell ' i
(185 mL) ! v
i
i
Membrane> Permeate Sample i
Support ! PC with
Magnetic Stirrer — i Labview
=

Figure 3-1. Schematic of stainless-steel stirred ltexperimental apparatus (note
not to scale). Ambient temperature was measured tside of the cell with a probe
connected to the datalogger (not shown for clarity)

Figure 3-2. Photograph of the small stainless stesdirred cell.

73



Chapter 3. Experimental Methods and Materials

Larger stainless steel cells were used for membrhagacterization. The setup of these
stirred cells was nearly identical to what was plesscribed, with the exception that the
volume of the cell was 990 mL, and the membrantasararea was 38.5 émThree of

these larger stainless steel cells were used iallplar Extensive description of these

cells is provided by Neale [244].

3.1.2 Crossflow Membrane System

The second type of bench-scale equipment used wassaflow membrane system. A
crossflow rig is used when experiments with flowd goressure across a flat-sheet
membrane coupon are desired. A stainless stestftoor system (MMS, Switzerland)
was used for filtration experiments reported in @ka 7. Extensive modification of
this system was required in order to address aeakl from the pump, and these issues
are addressed in detail by Semido [245]. FiguBeaBd Figure 3-4 respectively show a
schematic and photograph of the crossflow systeed urs this research and then the

system details are described.

Concentrate Recycle

Permeate Recycle

Return
Feed | Valve Feed
Tank 1 Tank 2

Pressure
Transducer

Concentrate ? ? @j

Pressure Temperature |
Pressure  Transducer Membrane Probe | | Backpressure
: Cell . Control
Relief Valve &
Feed Valve —— Feed Valve
Q0]
To drain... Flow Permeate Permeate
Meter %{ Brain Valve L. Datalogger
P200 Pump Valve
| To drain... |
| Sample |

— PC

Balance (Labview

Figure 3-3. Schematic of crossflow membrane systefmote not to scale).
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Figure 3-4. Photograph of the crossflow membrane syem.

The system contained two 2.5 L feed tanks (of wioicly one was used at a time) and a
high pressure diaphragm pump (Hydra-Cell P200, UKeed solution was pumped
across and through a flat sheet membrane cell (meemalarea 46.0 éin Temperature
was controlled by a water bath (Lauda WK 700, Gewyhavhich was piped to a
cooling jacket around the feed tanks (0.09surface area per feed tank). Pressure was
controlled by a back pressure regulator (Swagel®8KSeries, UK). A datalogger
(Omega DAQ55, UK) recorded the following in-line nitored parameters: pressure
(before and after cell) (S model pressure transgugeagelok, UK), feed flow rate
(Macnaught M2SSPI, UK) and temperature (Condudtie¢ag WTM Pt 100-0-6,
Germany). A conductivity probe (WTW, Germany) wastalled in a flow cell in the
permeate line just after the membrane cell ancladth to a standard meter (WTW,

Germany) to monitor conductivity in real time (datas not logged automatically).

The primary purpose of using the crossflow systeas w0 experimentally determine
retention, permeability and energy barriers of galisport through NF/RO membranes,
as reported in Chapter 7. The main parameterstimbe varied in a crossflow system
are solution composition, pressure, flow, and teatpee. The selection of operating

parameters varied depending on the objectiveseoétiperiment and specifics are listed
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in the appropriate chapters and figure captionshe Thembranes were always
compacted before starting an experiment until puager flux stabilized (at least one

hour). Specific protocols will be discussed whaperopriate.

3.1.3 Diffusion Cells

The third type of bench-scale equipment used wissthn cells. Diffusion cells were
used to measure the diffusion of various salt swist across a membrane barrier
(Appendix B), as driven by a concentration gradibetween the two cells and
temperature, and to determine energy barriersaoisport. Two glass cells (each 100
mL) were clamped together using joint clip flatnitees (Fisher Scientific, UK). The
membrane area was 4.91 Tmnd dimensions of each cell were as follows: outer
diameter (of the flange) 55 mm, inner diameter 26 and shank length 204 mm. The
volume of the cylindrical sampling port was an aiddial 26 mL (inner diameter 26
mm, height 50 mm) to the 100 mL cell. A round dthpross-head stir bar (VWR, UK)
was placed in the centre of each cell and stirrétd & magnetic stir plate (Fisher
Scientific, UK) at approximately 800 rpm. Diffusicells were supported by standard
lab stands (Fisher Scientific, UK) and placed iwater bath where temperature was
measured using a thermocouple (Standard ST-961@)water was mixed with a
bubbler to maintain temperature. The water bath lasge enough for experiments with
two sets of cells to be run in parallel. The dfein cells were custom-made at Heriot-
Watt University. Figure 3-5 and Figure 3-6 showchematic and photograph of the
diffusion cells. Holders are not shown on Figug 8nd the water bath is not shown on

Figure 3-6 for clarity.

Digital Thermometer Sampling Portal

Water Bath — N7 —

( Concentrated Salt Purified V\fater } Stir Bar
1 ! *

I e

Magnetic Stirrer Magnetic Stirrer

Figure 3-5. Schematic of diffusion cell experimentaapparatus (supports not
shown for clarity).
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Figure 3-6. Photograph of diffusion cell experimerdl apparatus (water bath not
shown for clarity)

3.1.4 Renewable Energy Membrane System

Prior to the start of the current PhD project, édfitrial was conducted using a RE-
membrane system. Although the PhD candidate didake part in the field trial, the
data produced from it was critically evaluated by tPhD candidate, which is the
subject of Chapter 4. As such, the system willlbgcribed in order to put the results in
Chapter 4 into context. This same system was &apted for controlled, laboratory-
based experiments, with which the PhD candidatecdinduct a limited number of

experiments.

The construction of this RE-membrane system has peeviously described in detall
[74, 246, 247]. The RE-membrane system was a tages membrane system
combining ultrafiltration (UF) and NF/RO [74]. Tlsgstem was designed to be suitable
for meeting the drinking water needs of remote camities of 50 — 100 people,
producing about 1000 L of drinking water per sally. For field trials, the first
filtration stage consisted of six UF membranes (£eAW10) connected in parallel and
immersed in a 300 L stainless steel tank. An abhbber (Nitto LA80a) was used for

gentle mixing and for the reduction of solid dep®gi the feed tank. A progressive
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cavity pump (Mono-Pumps, Australia) drew feedwaleough the UF membranes (at
around -0.5 bar) and then into the NF/RO moduleressures up to 12 bar. Membrane
modules were 4 inch cylinders of spiral wound $flaéet membranes (membrane surface
area approximately 7 — 8°ndepending on membrane type). A schematic of the R
membrane system during the field trial is showrFigure 3-7, and a photograph is
provided in Richardst al.[248].

p2 NF/RO
F1 & Membrane

P1 C1
Feed ? @

T and
& = e
= F2
| -
PV Array G2
Concentrate
@ [~ >
Feed Tank é
with UF modules F3
C3 P3
Permeate

Figure 3-7. Schematic of the RE-membrane system witfield trial configuration.
Sensors are marked T (temperature), pH (pH), P (presure transducer), C
(conductivity) and F (flow meter).

During the field trial, the system was powered gssolar energy via PV panels. Four
24 \Ipc PV panels (BP Solar, BP3150S) were installed dnndneel drive trailer where
the membrane system was mounted. Each of the P€lpprovided a maximum
power of 150 W and thus only two were requireddwer the pump (rated at maximum
power of 300 W). The panels were mounted on alesiagis solar tracker (Mono-
Pumps, Australia) which was guided by a global fpmsing system and thus followed
the path of the sun from east to west during the dan alternative power supply for
the system was a backup generator (Honda EulOi LkMA240 Vic grid power.
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During the field trials a battery bank and chargesre used to power peripheral

equipment only (such as a laptop computer andatajaisition information).

The system was equipped with a humber of sensomeaitor important operating
parameters for research purposes (shown on Figiile Pressure was measured on
both sides of the pump and after the NF/RO moduleth@ concentrate line using
pressure transducers (Burkert 8323, Burkert Flught®l Systems). Flow sensors
(S8011R Farnell type 178-923) were installed on fdexl and concentrate lines and
manual measurements were made if the flow was tutwhe sensor range.
Temperature and electrical conductivity were maeilo(WTW MultiLine P4) in the
feed, concentrate and permeate lines. Pump vadtadeurrent were measured directly
from the pump. All parameters were measured widatalogger (DataTaker DT500) at

5 s intervals and downloaded to a laptop.

For more controlled testing in the laboratory atribleWatt University, the RE-
membrane system was configured slightly differentliyy order to eliminate random
energy fluctuations inherently resulting from reaée energy, power was controlled
using a solar array simulator programmable powesplyu (Agilent Technologies
E4350B) that was able to simulate the output 00@ @ PV array. Temperature was
controlled using a water chiller system. The posugoply was controlled and all data

recorded on a personal computer using LabVIEW [8dii¢nal Instruments, USA).

3.2 Membranes and Membrane Characteristics

3.2.1 Membranes

The membranes used in this research were all coomtigravailable polymeric RO

and NF membranes available from a number of mahufrs. Membrane properties,
characteristics and performance varied greatly, sjmecific parameters are reported
here and related to results where appropriate iap@h 4, 5 and 7. Commercially-
available membranes were selected because therdlesederest was to evaluate
membranes that are actually in use and availabt&. specific experiments, particular
membranes were selected based on the desiredenegunts €g. flux or retention) for a

meaningful experiment. All membranes used havelyamide-based active layer. The
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membranes used, along with their classificatiorsnufacturer and with which system

they were used are shown on Table 3-2.

Table 3-2. List of membranes, type, manufacturer ath which system they with
which they were used for experiments.

Membrane Type System Manufacturer Information
BW30 RO RE-Membrane, stirred cell, Dow [249]
diffusion cell
NF90 NF RE-Membrane, stirred cell,
crossflow, diffusion cell
NF270 NF crossflow, diffusion cell
TFC-S NF RE-Membrane, stirred cell Koch [250]

TFC-SR2 NF diffusion cell
TFC-SR3 NF diffusion cell

ESPA4 RO RE-Membrane, stirred cell Hydranautics 1]25

UTC-60 NF stirred cell, diffusion cell Toray [252], [253]
UTC-80A RO stirred cell, diffusion cell

"Membranes for the RE-Membrane system were 4” spioalld modules; all other
were flat sheet membrane coupons

A challenge of working with commercial polymeric mieranes lies in that the details
of the manufacturing processes are held proprietadythus it can be difficult to obtain
detailed information about membrane propertiestelad, a number of characterization
techniques were used to gain information about nman® properties (permeability,
retention, effective pore size, molecular weightotfy surface charge, chemical
composition, surface morphology, active layer thiess, hydrophobicity). Another
major challenge is batch variability, where a diéf& batch of the same membrane may
well exhibit different properties. This is exasgted because only small coupons are
used for bench-scale experiments rather than emt@ules. In order to address this,
the same membrane batch was used for any set efiegnts and characterization was

repeated if a new batch was required.

The most important properties for this researclthentransport of salts in NF/RO were
permeability, retention, effective pore size andfasie charge, and these will be the
parameters that will be used to describe resulthenfollowing chapters. Information
about chemical composition, surface morphology kaydirophobicity is included here

for the sake of completeness but this data wagxtensively considered in the analysis
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of filtration results as the other parameters wérbe later parameters are more relevant

for organic solutes and mechanisms such as adsorpti

Pure water permeability and salt retention werdyeaseasured experimentally (Section
3.2.2). Effective pore size, the thickness to pityoratio, and molecular weight cutoff
(MWCO) were measured (Section 3.2.3) by fitting thelrodynamic model (Chapter
2.4.1) to experimental data. Membrane surfacegehean be measured with streaming
potential (Section 3.2.4). Elemental analysis ome of the membranes used was
reported in the literature using X-ray photoelestspectroscopy (XPS) and Rutherford
backscattering spectrometry (RBS) (Section 3.2 A)omic force microscopy (AFM)
was used to determine surface roughness (Sect@i®)3. Transmission electron
microscopy (TEM) was used to image the cross sectiica membrane (Section 3.2.7).
Contact angle gives information on hydrophobiciBe¢tion 3.2.8). Where obtained
and/or available in the literature for the membgansed in this research, this data is
reported in the following sections. It is importao be informed about membrane
properties in order to understand their performance

3.2.2 Permeability and Retention

The pure water permeability and observed salt tieterf0.1 M NacCl, 10 bar) of each
membrane was measured and results are shown oa 3&bl There is a general trade-
off between pure water permeability and retentiorhe membranes with the lowest
pure water permeability generally have the higlsadt retention, and conversely the
membranes with highest permeability have lowernteta. Pure water permeability
and retention both vary widely depending on membittgpe. Detailed retention results
for different solutes and under different condidoare given in the relevant results
chapters (Chapter 4, 6 and 8). The PhD candiddtthd characterization of UTC80A,
BW30, TFCS, ESPA4, NF90, NF270 and UTC60, and &meaining membranes were
characterized by other members of the Membrane nicdagy Group (University of
Edinburgh).
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Table 3-3. Pure water permeability and NaCl retenbn for membranes used.
Pure Water Permeability NaCl Retention, Observed

Membrane

(L.mZh™.bar? (0.1 M, 10 bar) (%)
UTCS80A 2.2 98.4
BW30 4.4 99.8
TFC-SR3 5.7 40.8
TFCS 5.8 86.8
ESPA4 6.5 90.9
NF90 9.7 83.7
TFC-SR2 14.1 22.7
NF270 16.2 42.4
UTC60 32.8 24.7

3.2.3 Effective Pore Radius and Molecular Weight Cut-off

Effective pore radiusR,, 10™° m), membrane active layer thickness to porositip ra
(Let, m) and MWCO were determined for the membranefies& parameters are
important because they give information about wtgolutes may be excluded due to
size. The retention of neutral organic solutes @§L* as C, each of methanol,
dioxane, xylose and dextrose) was measured andeatedr for concentration
polarization to obtain real retentioR( %) (see Section 3.5). Solutes were selected
according to the expected size of the membrageniethanol, the smallest, was used
for RO and tight NF and dextrose, the largest, wsesd for loose NF). Table 3-4 shows
the properties of the organic solutes used foragdtarization.

Table 3-4. Properties of Organic Tracers Used in Clracterization.

Organic Tracer  Molecular Weight  Diffusivity Stokes Radius
(g.mol™) (10 m?sh [216]  (10°m) [216]

Methanol 32 6.0 [254] 1.91

Dioxane 88 9.1 2.34

Xylose 150 7.4 2.90

Dextrose 180 6.6 3.24

The hydrodynamic model (Chapter 2.4.1) was cuntedito match the variation of real
solute retention with permeate flux in order toaiR, andL.c ™", as detailed in the next
paragraphs. The methodology described by Ngleei. [216] was used for BW30,
NF90, NF270, UTC60 in the crossflow system, andgisme method was adapted for
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stirred cells [255] for ESPA4, TFC-S, TFC-SR2, TBR3, UTC-80A. The PhD
candidate did the characterization of UTC80A, BW3BCS, ESPA4, NF90, NF270
and UTC60, and the remaining membranes were cleaized by other members of the

Membrane Technology Group (University of Edinburgh)

For characterization, a reduced form of the hydnadyic model (full form discussed in

Chapter 2.4.1) was employed

. d .
i =—Dip—q+Kicci’“Jv, Equation 18
) d)< b
as neutral organic solutes were used and thus tleeieharge term is required. This
therefore assumes that solute retention only oedurthrough steric exclusion.
Integrating Equation 18 over the entire membraneguthe concentrations at each end

of the pore as boundary conditions and the didiobwoefficient,®,

o=01-A), Equation 19

where
A — RStokesj

"R

pore

Equation 20

The integration yields the macroscopic flux equatio

oK, (V) cm[l—(cp/ qn) expE Pe)}
1-exptPe)

Equation 21

<JS>:1_

wherePeis the membrane Peclet number (dimensionlessjrdigted from

Kie(V)L _Kie(3)

Pe= = :
K. 4D, Ki¢D, &

Equation 22

and (J,) is radially averaged solute flux (mot.en?), (V) is the radial average fluid

velocity in the pore (mY, L/e is the membrane thickness to porosity ratig, is

83



Chapter 3. Experimental Methods and Materials

concentration at the membrane surface (md).mnd Cp is the concentration in the

permeate (mol.i). Equation 21 can be reduced using real reteiRgr) to

R =1 Cm =1 Wi,c E . 23
"7 ¢, l-exp(-Pe)(1-aK, ) quation

This theoreticalR. is now a parameter which can be directly compai@dhe
experimentaR; (the calculation of which is shown at the endho$ thapter in Section
3.5 with other common calculations used in thissitle In order to characterize
membrane properties, the theoretical and experahBntalues should be equal, which
required fitting the theoretical model to the exmental value ofR. To do this, the
membrane parameters pore radilg,) (and L/e were solved for iteratively by
minimizing the variance between the theoretical arperimental real retention values
with Microsoft Excel Solver. This process esselytideterminedR, andL.c* by curve
fitting the experimental values for the variatiohreal solute retention with permeate

flux to the pore flow model.

MWCO was determined by measuring the retention @ygihyleneglycol (PEG) of
molecular weight 200, 400, 600 and 1000 g:h{algain at concentration of 25 mg.L
as C). MWCO was extrapolated as the point at wiBiG#o retention was achieved.
Note that this calculation was invalid for tight No¢ RO membranes because the
retention of all PEGs tested was greater than 90%ese experimentally characterized
membrane properties are listed on Table 3-5. Tladwswacteristics also varied
according to membrane type. Results are consistght Table 3-3, showing that
membranes with a relatively low permeability andghhisalt retention have small
effective pore sizes and low molecular weight dutofhese results will be discussed
more in detail in the relevant results sections rehtlhey can be used to explain

experimental data.
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Table 3-5. Effective pore radius, active layer tlokness to porosity ratio and

MWCO for membranes used. Uncertainty in these fittd parameters is estimated
to be £ 5%.

Effective Pore

. Active Layer Thickness to

Membrane ?gflo'rlrjs Reore Porosity Ratio (L.£%, 10°m) MWCO
UTCS80A 1.9 3.00 nla

BW30 3.2 6.01 88; 98 [161]
ESPA4 3.3 7.57 n/a

NF90 3.4 1.46 < 88; 100 [161]
TFC-S 3.4 5.29 200 [256]
TFC-SR3 3.8 1.59 167

NF270 3.8 1.01 180

UTC60 4.5 4.70 150 [257]
TFC-SR2 4.6 1.09 425

“retention of each organic solute was > 90% and MCO was not calculated

3.2.4 Surface Charge

Membrane surface charge is important because éctaffthe charge interactions
between the membrane and ions. Surface chardge oi¢mbrane surface is determined
by streaming potential which is measured using ktt@kinetic analyzer. Zeta
potential result was obtained using an electrokinanalyzer at Imperial College
London (EKA, Anton Paar KG, Austria, with Ag/AgClesitrodes SE 4.2,
Sensortechnik Meinsberg, Germany). Streaming piatewas measured in 20 mM
NaCl and 1 mM NaHC® The electrolyte solution moves through a chaoredted by
a PTFE spacer between the active layers of the memisemples in order to generate a
streaming potential (channel height 0.87 mm). Thamibrane zeta potential was

calculated from the streaming potential using thelntholtz-Smoluchowski and
Fairbrother-Mastin relationships [174],

AU s Lc annel 1 :
= G—H gochamel g Equation 24
aP gsolution |-_“1?0 Axsedion Rchannel

where( is zeta potential (mV)Js is streaming potential (mV]E is applied pressure
(bar), x is dynamic viscosity of the solution (kgs?), esowion iS the relative

permittivity of the test solution (--)ko is the relative permittivity of free space (--),
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Lehannetis channel length (msecioniS channel cross-sectional are&)@ndRenannel i

channel resistance (m).

The measurement protocol described by ChildressEintelech was followed [174].

Membranes were rinsed with ultrapure water and libgaied with the background

electrolyte in a beaker for 20 minutes. Then thenmbrane was mounted in the
measuring cell. The protocol was to (1) flush tledl evith ultrapure water for 3

minutes; (2) rinse the cell with test solution; €8juilibrate the cell with test solution for
30 minutes; (4) adjust the pH of the test solutising the autotitrator; (5) recirculate
the test solution for 10 minutes or until stab®; fheasure streaming potential; (7) flush
the cell with ultrapure water. Eight measuremengsewaken at each pH (four in each
direction). The first two measurements were disch@ed the remaining six (three in
each direction) averaged to calculate the zetangiateat each pH. The measuring
range was from pH 3 to 13. This range was selentedder to span the whole range of
typical experimental values used, but it is impott® note that Ag/AgCI electrodes are
unstable at high pH. Because of this, the measnegal potential values should be
considered relative to each other and not takexbaslute values, especially at high pH.
All measurements were taken at room temperaturta gotential is shown on Figure
3-8. Zeta potential for each of the membranesedsas from approximately pH 4 to
13. Zeta potential for ESPA4 increases from plg & tvhich is not observed with any
other membranes, which could be due to a spedifenical feature of the membrane
functional groups. No other zeta potential data ESPA4 was available in the

literature for comparison. Zeta potential for UBGA is the most negative at the low
pH values and stays more constant throughout thentH range when compared to
the other membranes. The zeta potential will beudised in detail and related to
retention in Chapter 5. Zeta potential measuremgate made by Annalisa De Munari
(University of Edinburgh), Dr. Kingsley Ho and Dr.lekxander Bismarck (Imperial

College London).
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Figure 3-8. Membrane zeta potentials of NF90, UTC@& TFC-S, BW30, UTC-80A

and ESPA4 (in background solution 20 mM NaCl and InM NaHCO3).

3.2.5 Membrane Material and Chemical Composition

All membranes used in this project have a polyarbased active layer. Specific
information about the membrane materials followseggsorted in the literature. The
Dow Filmtec membranes (BW30, NF90 and NF270) congfisthree distinct layers
[258]. The base is a polyester support web; thediaidayer is microporous
polysulphone; and the top (active) layer is anatitin polyamide material. NF90 and
BW30 are fully aromatic polyamide thin film comp@smembranes whereas NF270 is
a piperazine-based semi-aromatic polyamide thim fil61, 258, 259]. NF90 and
BW30 are made from benzezetricarbonyl trichloridd &-3 phenylene diamine, where
as NF270 is made from benzezetricarbonyl trichloadd piperazine [161]. The active
layer of these membranes is a few hundred nanosnfé0]. UTC-80A has 1,3,5-

triaminobenzene as a polyamine component [261].
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Mondal and Wickramasinghe conducted elemental sedaalysis of BW30, NF90 and
NF270 using XPS [258]. With the equipment setupgvimindal and Wickramasinghe
[258], XPS allows the sensitive measurement of elgal composition (except
hydrogen) on the membrane surface and providesichkebinding information for the
top 1 to 10 nm of the membrane surface. Their tedal virgin BW30, NF90 and
NF270 are reported in Table 3-6. Their objectives w@ compare virgin membranes
with those filtered with oily wastewaters, but orihe data for virgin membranes is
reported here (and thus the data may include mewsmsunt artefacts from the
atmosphere because it is taken out of its origowaltext to be comparative). The
filtration of oily wastewaters affected the C:O:&tio of the membranes due to organics
absorbing on to the membrane surface [258], businalar data for inorganics is

available.

Table 3-6. Surface elemental analysis (as %) usin{PS of virgin samples of BW30,
NF90 and NF270 [258].

Membrane C O N C:O:Nratio S Na Cl Si

BW30 70.7 22.2 6.1 116:3.6:1.0 -- 05 05 -
NF90 71.0 16.4 111 6.4:15:1.0 0.8 05 0.2 --
NF270 64.4 22.3 75 86:3.0:1.0 1.1 3.7 09 -

The elemental analysis of TFC-S [262] and ESPA3 (asdutm be similar to ESPA4)
[263] was also reported. The active layer of TFG% ipolyamide ((CONH") thin
film composite and the composition ratio was deteedt by Rutherford backscattering
spectrometry (RBS) [262]. Results for TFC-S areortgal on Table 3-7. Tangf al.
[263] reported the composition of ESPA (polyamidgvaclayer) and BW30 using XPS
and their results are shown on Table 3-8. Both Mbadd Wickramasinghe [258] and
Tanget al. [263] showed higher O:N ratio than would be expddrom a fully cross-
linked polyamide layer, which was attributed tcheit proprietary modifications of the
interfacial polymerization or the presence of aticmglike polyvinyl alcohol [258]. The
active layer material for UTC-60 is a cross linkemlyamide [264] and UTC-80 is a
cross linked fully aromatic polyamide ultra-thin ngposite membrane [252] but

elemental breakdown for these membranes was niablea
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Table 3-7. Active layer elemental composition (as Yof TFC-S determined by
model fitting of RBS data of TFC-S [262].

Membrane C O N C:O:Nratio S Cl Ca

TFC-S 73.1 15.0 10.7 6.8:14:1.0 -- 0.9 0.19

Table 3-8. Surface elemental composition (as %) &SPA3 and BW30 determined
by XPS [263].

Membrane C @) N C: O : Nratio
ESPA3 74.3+0.5 12.8+0.8 129+1.0 58:1.m:1
BW30 67.9+0.6 29.0+15 3.1+1.0 21.9:9.40 1

3.2.6 Surface Morphology

Atomic force microscopy (AFM) can be used to deieemthe roughness of a
membrane. The roughness of a membrane is a particulmportant parameter for

understanding membrane fouling [161]. Althoughlifogiis not the focus of this work,

membrane characteristics are important for undedstg experimental results.

Roughness is used in Chapter 7 to discuss diffeetetween NF90 and NF270.
Additionally, surface roughness has implicationgmre than only fouling, as observed
by Hiroseet al. [265], who showed that a linear relationship exisétween permeate
flux and surface roughness when filtering NaCl i®.R This was attributed to the
unevenness of the top layer causing an enlargeofetite effective membrane area
[265]. In this light, the roughness will be repsatt

Surface roughness was measured using an AFM (MudigAFM, Veeco, now Bruker
Corporation) using a cantilever (Mikromasch CSC3B&\type B) in de-ionized water.
The AFM uses a tip that slowly moves over the membrsurface (sample size 2.0
um?) and determines a roughness profile of the surfgcmeasuring the force it takes
for the tip to move. An image of the top surfaoe #ghe corresponding surface profile is
shown for each membrane in Figure 3-9. After deteing the profile, the software
automatically calculates two parameters which regme the surface roughness. The
parameters arBaandRqg Rais the mean roughness which is the arithmeticageeof

the deviations from the centre plane, &gjis the root mean square roughness which is

the standard deviation of two values within a giaea. The calculatelda and Rq

89



Chapter 3. Experimental Methods and Materials

values are tabulated on Table 3-9. Ime AkanyetindNhan T. Pham (University of
Edinburgh) provided the AFM data.

Table 3-9. Membrane roughness measurements using MFand comparison to
literature.

Membrane Ra(10°m) Rq(10°m) Published Roughness (Itm)

Ra Rq Average
BW-30 67.7x24 83.9+3.8 68.3£12.5 61 [266]
[258]
BW-30 63.6 £ 5.0 78.4 £6.2
ESPA-4 86.5+2.3 107.0+ 3.6
NF-90 61.7+2.1 785+ 3.6 69.9 33.1[161] 70 [266]
[267] 129.5+23.4
[258]
NF270 42 +0.3 55+04 5.5[267] 4.2[161] 4.5 [266]
9.0 £4.2 [258]
TFC-S 64.5+6.2 81.5+8.1
UTC-60 6.6+04 8.8x0.5

UTC-80A 36.9+2.1 455+ 25
"compacted at 15 bar

These results show that NF270 and UTC-60 are byhéasmoothest membranes. The
order of increasing roughness is NF270 < UTC-60 RCLBOA < NF90 < BW30
(compacted) < TFC-S < BW30 < ESPA4, which is comiplaréo the literature [161].
Three-dimensional images were not obtained for fathe membranes analyzed, but
three-dimensional AFM images are easier to undedstanceptually. As such, they are
provided in Figure 3-10. These images visually supghat NF270 is very smooth
compared to BW30 and NF90.
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Figure 3-9. AFM images and surface profiles for edcof the membranes used.
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Membrane NF-270

Figure 3-10. Three-dimensional AFM images of BW30XE, NF90 and NF270
from Boussuet al. [161].

3.2.7 Active Layer Thickness

Direct measurement of membrane layers, and inqodaiti the selective active layer, is
very difficult because of their very small size.owkver, the selective active layer is
very important because it controls the selectiathd permeability of the membrane.
Active layer thickness was used to approximateuditin coefficients of various salts
through NF membranes (Appendix B). NF membrangs ha active layer in the range
of 15 — 100 nm [260, 268]. High resolution transsion electron microscopy (TEM)
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can image the cross-section of a membrane samplég emains difficult to see the
details of the active layer. Although the resantis not good enough to see pores,
these images can assist in the estimation of theseadayer thickness. For
demonstrative purposes, several TEM images fromitbeature [263] are shown in
Figure 3-11. The polyamide layer of NF270 (Figur&l®) can clearly be seen due to
the smooth nature of this membrane. Dr. Andreai&enand Dr. Chris Jeffree
(University of Edinburgh) did TEM measurements for RFE&d NF270.

3.2.8 Hydrophobicity

Contact angle provides information on the hydrapityy or hydrophobicity of a
membrane by measuring the interactions betweenrwaat the polymeric material of
the membrane [110, 153]. More hydrophobic memlsdmeve less interaction with
water and hence are less wettable by a drop ofrwaiew affinity between membrane
and water leads to a contact angle greater thara®@high affinity leads to an angle
less than 90°. This is shown on Figure 3-12. Wetaletact angle is commonly used to
measure the hydrophobicity of membranes, other mameb properties (such as
roughness, pore size and surface tension) affeasunements and thus the data should

be used with caution.

Contact angle was measured for selected membra3é8Q, ESPA4, NFO0 and
NF270) using the sessile drop method and a coatage instrument (Easy Drop Kruss
model FM40, Germany). The membranes were rinsedodighly and soaked in
deionized water for 24 hours. Then, the membrarfaceiwas dried for at least 8 hours
to ensure that the results were not affected bydibgree of dryness [269]. The
membrane was glued to a glass holder to ensurane glurface. A pure water drop was
placed onto the membrane and it was photographt#dnwi5 seconds and then every
minute for at least six minutes, and the contagleawas automatically calculated. At
least three measurements for each membrane wene. tékesults are reported on Table
3-10 and compared to values reported in the litegat Literature values varied
substancially in some cases, which is likely due veriations in measurement
methodology and/or manuality of the person taking measurement. Comparison
across one reference is best for this reason. Teestts show that the hydrophobicity
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Figure 3-12. Significance of contact angle measuremts [110, 153].
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of the membranes increases in the order of NF2&t(imydrophilic) < BW30 < NF90
< ESPA4 (most hydrophobic) which is consistent wille trend observed in the
literature [258]. Contact angle measurements weegle by Annalisa De Munari
(University of Edinburgh), Dr. Kingsley Ho and Dr.lekxander Bismarck (Imperial
College London).

Table 3-10. Membrane contact angle measurements ngi the sessile drop method
and comparison to literature.

Membrane Contact Published Contact Angle (°)
Angle (°)
Sessile Drop Method Captive Bubble Method
BW30 40.3+1.1 60.8 [258], 51 [161] 65 [270]
ESPA4 53.1+£22 -- --
NF90 479+1.7 54.6 [258], 54 [161], 42-
[110]
NF270 29.1+1.6 42.7 [258], 27 [161], 534.6[270]
[110]
TFC-S -- 30 [110] --
3.3 Chemicals

All chemicals were of high purity and purchasedrfr&isher Scientific (UK), Sigma-
Aldrich (UK), Acros Organics, Merck or BDH Chemisal A list of chemicals used
along with the general purpose, supplier, and dpadigy is shown on Table 3-11.
Ultrapure water (18.2 Ki.cm?) (Elga PURELAB Ultra, UK) was used for all
experimental and analytical solutions, unless deciotherwise. For particular
experiments, the pH was adjusted using 1M NaOHaarid¥ HCI. Concentrations of
target contaminants varied depending on the typxpériment and are specified where

relevant.
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Table 3-11. List of chemicals used with supplier ahgrade/purity.

Chemical Purpose Supplier S:?%e/(% )
acetone (gHgO) analysis (IC) Fisher Scientific 99
ammonium chloride (NECI) analysis (NA) Fisher Scientific 99+
boric acid (HBO3) filtration Sigma-Aldrich 99.5
dextrose (GH120g) characterization Fisher Scientific 99+
dioxane (GHsOy,) characterization Fisher Scientific 99+
Disodium ethylenediamine analysis (NA) Acros Organics 99+
tetraacetic acid dehydrate (EDTA,
C10H14N2NaxOg-2H,0)
glacial acetic acid (§H40-) analysis (ISE) Fisher Scientific 99+
hydrogen chloride (37%) (HCI) pH adjustment FisBerentific 99+
methanol (CHOH) characterization Fisher Scientific 99.8 +
multi-element standards analysis (ICP- Merck --

OES, ICP-MS)

N-(1-napthyl) ethylenediamine analysis (NA) Acros Organics 98+
dihydrochloride (NED,

Ci2H14N2-2HCI)

nitric acid (67%) (HNQ) pH adjustment BDH Chemicals --
oxalic acid (HC,0,) analysis (IC) BDH Chemicals 99.8
polyethylene glycol (200, 400, characterization Fisher Scientific  --
600, 1000) (H(OChICH,),OH)

potassium chloride (KCI) filtration Sigma-Aldrich 99
potassium fluoride (KF) filtration Acros Organics 99
potassium nitrate (KN§) filtration Fisher Scientific 99+
potassium nitrite (KN filtration Acros Organics 97
sodium hydrogen carbonate analysis (IC) Fisher Scientific 99+
(NaHCQy)
sodium carbonate (N@QOs) analysis (IC) Fisons Scientific 99.9
sodium chloride (NaCl) filtration, analysisFisher Scientific  99.9
(ISE)
sodium fluoride (NaF) filtration Sigma-Aldrich 99+
sodium hydroxide (NaOH) pH adjustment, Fisher Scientific 98 +
analysis (ISE)
sodium nitrate (NaNg) filtration Fisher Scientific > 98
sodium nitrite (NaNG@) filtration Acros Organics 97+
sulphuric acid (98%) (k8Oy) analysis (IC) Fisher Scientific -
sulphanilamide (gHgN2O,S) analysis (NA) Acros Organics 98
xylose (GoH1005s) characterization ~ Acros Organics 99+

“IC: ion chromatography; NA: nutrient analyzer; ICES: inductively coupled
plasma optical emission spectroscopy; ICP-MS: itidaly coupled plasma mass
spectroscopy; ISE: ion selective electrode
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3.4 Analytical Equipment

A variety of analytical equipment was used to detee chemical composition of
experimental samples. A summary of equipment, iegpdn and detection limits
follows in Table 3-12.

Table 3-12. Analytical Equipment Summary.

Analytical Type of Analysis Measured Typical Dete(ition

Equipment Units Range Limit

Conductivity Meter  electrical mS.cni 1-10000 WuS.cni'
conductivity

pH Meter pH -- 2-13 low: -2.0

lon Selective fluoride, nitrate mV 10-160 0.1 mg.L*

Electrodes (ISE) mV

Nutrient Analyzer nitrate, nitrite mg.* 0.1-20 0.1 mg.L*

(NA) mg.L?

Inductively-Coupled cations, boron mg.t 0.1-100 <0.1 mg.*®™

Plasma Optical mg.L™?

Emission

Spectroscopy (ICP-

OES)

Inductively-Coupled cations, boron ng.Lt 0.1-50 <O0.1pg.LtM

Plasma Mass ng.L?

Spectroscopy (ICP-

MS)

Total Organic organic carbon mg:t 0.1-25 0.1mg.L*

Carbon (TOC) mg.L?

lon Chromatograph fluoride, chloride, mg.L™* 0.1 - 2000 0.05 mg.L*

(IC) nitrate, nitrite mg.L?

"Detection limits are reported as the practical dgjtetion limit typically used, but this
occasionally varied depending on instrument, catibn and sample typ&! Instrument
detection limits were element-specific: 0.1 mg(Mg, Na, B); 0.01 mg.t* (Al, Ca);
0.001 mg.L* (As, Ba, Be, Cr, Cu, Fe, Pb, Li, Mn, Mb, Ni, Se, S, Ti, U, V, Zn)

97



Chapter 3. Experimental Methods and Materials

3.4.1 Electrical Conductivity and pH
Electrical conductivity (EC, mS.ch) and pH were measured using probes (multiline P4

epoxy gel combination pH electrode with automatemperature compensation
immersion probe, WTW, Germany) and a standard m&WmTWwW, Germany).
Conductivity readings were converted to salt cotregions using calibrations made
with the particular salt of interest. Calibratidetails are included in Appendix A. For
the results presented in Chapter 4, total dissob@lils (TDS) was estimated by
multiplying the electrical conductivity by a cong@n factor k = 0.64) which is
applicable to Australia groundwater with high sadicontent [74, 271].

3.4.2 lon Selective Electrodes
Fluoride was analyzed for some experiments (s@etifn the relevant chapters) using

an ion-selective electrode (ISE) in conjunction wath Ag/AgCl reference electrode
connected to an ion meter (781 lon Meter, MetrOW). The electrode was
calibrated regularly (once a week during regulae)uwith calibration standards
typically of values 0.1, 0.3, 1.0, 3.0, 10.0 and03tg.L. All standards and samples
were mixed with a total ionic strength adjustmeniffér (TISAB) to reduce
interferences resulting from pH and conductivitythe TISAB buffer consisted of
glacial acetic acid, sodium chloride and sodiumrbyiie. Note that for analysis of
samples containing aluminium there is significanteiference with the fluoride
measurement using ISE, and thus the TISAB buffer tmalso include 1,2-
cyclohexanedinitrilo-tetraacetic acid g N(CH.CO;H),].-H,O or CDTA) in order to
reduce those interferences. ISE was only useddorifle analysis of samples made in
lab-grade water without high concentrations of ahuom and thus CDTA was not

included in the buffer. Calibration details areluded in Appendix A.

3.4.3 Nutrient Analyzer
Nitrate and nitrite were analyzed using a QuickCh&s00 FIA Nutrient Analyzer

(Lachat Instruments, Colorado USA). Samples aftelad to pH 8.5 with ammonium
chloride (NH,CI) before an optional pass through a copperizetimaam column to
reduce nitrate to nitrite (this column was used nvimtrate was in the samples).
Disodium ethylenediamine tetraacetic acid dehyd(B@TA) is added to the NiI
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buffer solution to reduce possible interferenceth wther metals present in the samples.
The total nitrate (reduced nitrate plus nitritehen determined by diazotising with a
sulphanilamide colour reagent (converting an anmi@ a diazo compound of form R-
N:N- where R is an aromatic hydrocarbon) followeg boupling with N-(1-
napthyl)ethylenediamine dihydrochloride (NED). Thiecess converts the sample to a
magenta water-soluble dye which can be read atvaleragth of 520 nm. The resultant

peak area is reported in mV-.sCalibration details are included in Appendix A.

3.4.4 Inductively-Coupled Plasma Optical Emission Spectrscopy
Cations and boron were analyzed with inductivelygted plasma optical emission

spectroscopy (ICP-OES) (Perkin EImer Optima 5300 DAdJtham, USA). Calibration
standards were typically 0.1, 1.0, 5.0, 10, 50, #@ 250 mg.l' (depending on
expected sample concentrations) and were prepamed Mmulti-element standards
(Merck, Darmstadt Germany). An example calibrati®rshown in Appendix A. All
samples were acidified to below pH 2 with pure fisnitric acid and stored in
polypropylene centrifugal tubes in order to redpossible leaching of inorganics into
glassware. The analytical rinse solution was 2.846tér nitric acid in MilliQ water
(viv). All samples were analyzed quantitatively byternal calibration. Analysis

blanks and certified reference standards were aedlfor quality control.

3.4.5 Inductively-Coupled Atomic Emission Spectroscopy
Inductively-coupled atomic emission spectroscofyPHAES) was used to determine

cation concentrations for the pH results presentedChapter 4. Analysis was
completed by the Australian Nuclear Science and fi@odgy Organisation (ANSTO)
using a Varian Vista AX Simultaneous CCD instrumeniCP-AES samples were
acidified and spiked (4000 mg*).with cesium to suppress easily ionised elemeatks.

samples were analyzed quantitatively by externéibregion. Analysis blanks and

certified reference standards were analyzed folitguentrol.

3.4.6 Inductively-Coupled Plasma Mass Spectroscopy
Analysis of cations and boron at low concentraftypically ng.L™* range) for the solar

experiments presented in Chapter 4 was conductdd inductively-coupled plasma
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mass spectroscopy (ICP-MS) (Agilent 7500ce, USACalibration standards were
typically 0.1, 1.0, 5.0, 10 and 5@y.L"* and sample preparation and storage was the
same as for ICP-OES. Analysis of pH results presemt Chapter 4 was conducted
using a different ICP-MS instrument (Agilent 4500SA) and samples were spiked
with indium, yttrium, lithium, scandium, lutetiunibismuth, and rhodium as internal
standards. All samples were analyzed quantitatibgl external calibration. Analysis

blanks and certified reference standards were aedlfor quality control.

3.4.7 Total Organic Carbon
Organic carbon was measured for characterizatigger@xents using a total organic

carbon analyzer (TOC-V CPH, Shimadzu, Milton Keyd$) th non-purgeable organic
carbon mode (NPOC). Sample preparation includetifgiag samples using 2 M HCI
and sparging with nitrogen for 2 minutes priorngection to remove inorganic carbon.
Sources of carbon were neutral organic solutesanethxylose, dioxane, dextrose, and
polyethylene glycol (200, 400, 600 and 1000 g:HolA high-sensitivity column was
used and sample concentrations did not exceed 20'm{ypical calibration standards
were 0.1, 1.0, 5.0, 10.0, 25.0 mg,land an example calibration is shown in Appendix
A.

3.4.8 lon Chromatography
Anions for diffusion cell experiments were analyzesihg ion chromatography (IC 883,

Basic IC Plus, MetrOhm UK). The IC was equippedchvathigh capacity anion column
for the determination of anions in salt solutioiens are separated in the column over
time according to increasing charge to mass ratid,concentrations are determined by
conductivity spikes at an ion-specific retentiomeéi The eluent used was a
carbonate/bicarbonate buffer prepared fresh asedeadd at least weekly. Typical
standards were made at 0.1, 0.3, 1.0, 3.0, 10.@@s8dand 100.0 mgtof a single salt
solution of the desired analyte. Calibration dstare included in Appendix A. The
analysis of chloride, nitrate and sulfate preseritedChapter 4 was completed by
ANSTO with a Dionex DX-600 IC with Eluent Generatofhe analysis of nitrate and
fluoride for the single feed experiments presemedhapter 5 was done using a Dionex
DX-100 IC (A.l. Scientific) equipped with a DionexS9-HC column and the eluent
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used was N&£LO; (9.0 mM, pH=10). Analysis blanks and standardckBesvery 10

samples were analyzed for quality control.

3.5 Standard Calculations

3.5.1 Standard Parameters

Standard calculations reported through this thexgsshown in this section. Other more
specialized calculations will be reported as appavg. Flux  or J,, L.hit.m?) is

calculated as

Qpermeate

J=J,=|——|, Equation 25
(Anembranej

whereQ is the flow of the permeate (I}handA (m?) is the membrane area. Flux is
interchangeably volumetric fluxlf), because it is based on a volumetric flow. # th
subscript such as pure water or solution folldws is specifying that the measured flux
is of pure water of a specific solution. Flux dasm converted to permeability,(L.h

! m2.bart)

Qpermeat J
L= —2 |, Equation 26
( Anembranfapplied

by dividing by applied pressur®d{pieq bar). Solute flux (mol:;Am™?) is calculated by

Q ermeate
Jsolute = ( A\: t Cpermeate' ECIuation 27
embrane
Retention R, 99 is
Cpermeate .
R=R =|1- [100%, Equation 28
feed
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where C is concentration in the permeate and feed. Retemalculated this way is
observed retentione). no correction for concentration polarization) andless
otherwise specified, retentions reported in thigsih are observed retention. Real
retention R) has been corrected for concentration polarizaiging the relationship

nt=R i 1-R, _(3)

Equation 29
R R, ki

wherek; is the salt mass transfer coefficient acrossneenbrane (m3 andJ, is the
average volumetric flux (Lchm?). This relationship is based on film theory [2&6[
was derived in Chapter 2.3.1. The mass transfefficeat, k;, was determined
experimentally using methods previously publishEs4] 216] and calculated with

J salt

n AP L Jea ' Equation 30
Thou — 71, J

permeate w

K, =

where the applied pressured®, pure water flux isl,, solution flux isJsa, and the
osmotic pressurer) of the bulk and permeate solutions are calculfated the bulk and

permeate salt concentrations using the Van't Hotfagion:

m=Y CRT, Equation 31

where C is concentration,R is the gas constant, an@l is temperature. By
experimentally determining, J, andJsa, the concentration of salt at the membrane
surface Cmembrang Can be calculated. This allows observed retentidre corrected for

concentration polarization to get real retentiBy) (

C ermeate H
R =|1- == 100. Equation 32

membrane

In Chapter 4, a number of operational parametees raported. Specific energy
consumption $EG kWh.ni®) is calculated using
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I U
SEC= (M] Equation 33

permeate

wherel is current (A) andJ is voltage (V), the product of which is power (WJrans-
membrane pressure (TMP, bar) is calculated by

+
TMP:( P 5 p3j- Poermeate Equation 34

wherep, andps are the pressures measured on the feed and cratedimes (as shown
on Figure 3-7).

3.5.2 Error Analysis

Uncertainty §) was calculated for selected experiments usingdsta propagation

techniques, according to the general formula (wkeseany function):

2 2 2
F=F R/(i:j + [%j + (%j , Equation 35

whereF is any quantity that depends #nB andC. The uncertainty for each of the
fundamental contributions to the calculatiorg).(0A or reproducibility of chemical
analysis) was taken to be the standard deviatiomuoltiple samplesn(> 5) and
assumed to be similar across all experiments (srddserwise indicated). Table 3-13
shows the values used for uncertainty for standafculations. It is also important to
note that there can be significant variation in rbeane coupons, even within the same
batch, according to the manufacturing process. orter to reduce this effect, an
acceptable pure water flux value was selected &mhecommonly-used membrane
based on experimental flux measurements of a numobecoupons of the same

membrane type and batch (rather than accordingeaartanufacturer’s specification),
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and any coupon outwith 10% of that pure water fkedue was discarded (the

acceptable value is the average permeability stmwhable 3-3 £ 10%).

Table 3-13. Uncertainty values for standard measuraeents (determined by taking
multiple (n > 5 ) measurements of a single parameter or analyis
Parameter, Analysis Type Uncertainty Estimate (x %)

o Chloride, IC 2%
o Fluoride, IC 2%
o Fluoride, ISE 3%
o Nitrite, IC 3%
o Nitrate, IC 3%
o Nitrite, NA 5%
o Nitrate, NA 4 %
o Analysis, ICP-OES 2%
o Analysis, ICP-MS 2%
d Flux (L.ht.m?), -- 2 %

Where the propagation calculation could not bectliyeapplied €g.for the fitting
procedure in membrane characterization or for d¢alicn of diffusion coefficients),
uncertainty was estimated by re-running the fitfingcedure or calculation with the

largest expected errors in input parameters taéte the variation in the outputs.

3.6 Conclusions

In summary, this chapter explained the methodsmaterials used experimentally in
this research. This included a RE-membrane sysataiibench scale filtration systems
(stirred cells, crossflow and diffusion cells). efbommercially-available membranes
are described with characteristics that were detexghand that were available within
the literature. Chemicals were listed and eacthefpieces of analytical equipment is
described. Common experimental protocols are wede but detailed and specific
information is provided in the relevant chaptefssummary of common experimental

calculations and uncertainty is included.
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Renewable Energy Powered Membrane Systems

In order to provide safe drinking water in isolatedmmunities where water supply and
electrical infrastructure is limited, a solar engrgpowered desalination system was
previously developed using UF followed by NF/RQurig a field trial in 2005 (prior

to the start of the PhD candidate), a series ofeexpents were performed with various
NF/RO membranes with natural groundwater in centhaistralia to assess various

influences on system performance, such as varyiaggg, pH and groundwater type.

The RE-membrane system effectively removed a nwhiy@rganic contaminants over
a range of real energy and pH conditions, giverfisieht solar availability. At each

location, energy fluctuations affected pressure dindv and thus the retention of
fluoride, magnesium, nitrate, potassium and sodiwhere convection/diffusion

dominated retention. Retention of calcium, stnamtiand uranium was very high and
independent of solar irradiance, which was attrdmlitto a combination of size and
charge exclusion and, for some solutes, sorptioth irecipitation. The solutes were
categorized into two groups (groundwater-specificyording to retention as a function
of pH. The first group contained solutes with pidependent retention (Group 1:
arsenic, calcium, chloride, nitrate, potassium, esglm, sodium, strontium, and
sulphate). The second group of solutes had pH+ubpe retention (Group 2: copper,
magnesium, manganese, molybdenum, nickel, uranvamadium, and zinc). The
retention of Group 1 solutes was typically high atglibuted to steric effects. Group 2
solutes had dominant, insoluble species under gertaonditions which led to

deposition on the membrane surface (and thus vargpparent retention). Variations
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in system performance occurred due to changes lar Soadiance, groundwater

composition and pH.

Results demonstrated successful use of this systém real water and energy
conditions in remote areas, but also highlightece track of understanding of
fundamental removal mechanisms in NF/RO proceséassuch, this chapter brought
to light a number of interesting research questiansl emphasized the importance of
working with simplified systems in order to studgdamental mechanisms, which will

be the the subject of the remaining chapters sftthesis.

The RE-membrane system was designed and constiuctbd previous research team
led by Profs. Andrea Schafer and Bryce Richard&ustralia in 2005. Subsequently, a
field trial with the system was conducted in thestAalian outback, which included a
number of experiments that were planned and camigidby that team. A vast amount
of data was produced on this trip, and as suchemes of publications set about to
address different aspects of the system operatidre contribution of the current PhD
candidate was to specifically evaluate the dataevaht to the removal of trace
contaminants. This involved critically analyzingvary large set of data collected
during the field trial in order to identify interésg results and meaningfully develop a
selection of results into manuscript form. Thiglgeis brought to light a number of
interesting research questions, which shaped tist of the PhD. Specifically, the
examination of the effect of energy fluctuationsl g©H on the removal of ions in
groundwater ultimately led to mechanistic questiabsut the role of ion hydration in

determining which ions are retained.

4.1 Introduction and Objectives

As discussed in detail in Chapter 1, drinking wdteatment and energy consumption
are integrally related and need to be addresseethiegin order to achieve all the
United Nations’ Millennium Development Goals [4p concern with remote drinking

water supplies is the presence of naturally-ocngrgalts and inorganic contaminants
such as arsenic, fluoride and nitrate, which camtesirable above guideline values

for both health and aesthetic reasons [11, 24]/RRFs capable of retaining many of
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these salts and inorganic contaminants, and NF/&fled with a renewable energy
source may help address drinking water treatmergnote areas without electrical grid

connections.

There are many practical advantages of using susysi@m without battery storage,
such as increased efficiency, increased performahdegher temperatures and lower
life-cycle costing [72]. However, the lack of bt storage inherently means that the
variable renewable energy input will directly impaystem operation (in particular
flow and pressure) [72]. This subsequently mayaotsalt and inorganic contaminant
retention due to changing conditions near the mamdbrsurface. The impact of
renewable energy on the retention of inorganic ammants in real groundwater

remains poorly understood.

In consequence, the aim of the work in this chaptas to evaluate retention of a
number of inorganic solutes in real groundwatemgisNF/RO with five specific
objectives:

1. To understand the impact of energy fluctuationetemntion

2. To determine the role of pH in this process, wihard to chemical speciation
and system performance

3. To determine the dominant mechanisms of ion redariti real groundwater

4. To compare system performance at different locatiGgach with different
groundwater)

5. To evaluate retention without the influence of cdingted groundwater matrices

using synthetic water and controlled energy cooni

4.2 Experimental Summary

The RE-membrane system was powered by PV panels@ngrised of a two-staged

membrane process as described by Scledfal. [74]. Three categories of experiments
were conducted: solar experiments, pH experiments laboratory-based synthetic
water experiments, the first two of which were aactéd in the field prior to this PhD

thesis (October 2005 in Australia).
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4.2.1 Field Trial Overview

Because the primary aim of the work was to undedstgystem operation with a real
groundwater and natural renewable energy conditifietd trials were conducted.
These trials were conducted at six locations int@éifAileron, Aluyen, Harry Creek,
Pine Hill, Ti Tree) and South (Coober Pedy, lowirsal borehole) Australia [272] in
October 2005. These locations were deemed ideatht® field study due to high
average solar irradiance, problems of water sgaasita result of low precipitation, and
no access to grid electricity [273]. A map of fledd locations overlain with the annual
average peak daily sunshine hours (solar exposulieyvs in Figure 4-1, showing that

each of the field locations have very high soleadrance [273].
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Figure 4-1. Field locations with average daily sotaexposure [273].

The first step was to analyze the raw groundwatelity in each of the six field
locations to provide a basis for all other expenise using the analytical techniques
described in Chapter 3.4. Chemical speciatiorhefgroundwater was then predicted
from experimental measurement of total elementahcentrations using Visual

MINTEQ (methods described in Section 4.4). Subseatly, in order to assess each of
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the specific effects on system performance, twonntgbes of field experiments were

conducted: (1) solar experiments and (2) pH expamis

4.2.2 Solar Experiments

Solar experiments were designed to assess the tingbacaturally varying energy
throughout a solar day on salt/contaminant retardicthe natural pH of the water. The
solar experiments had two main purposes: (1) taiokh-depth results and chemical
analysis for the RO membrane BW30 [249] at Piné &hld Ti Tree [248], and (2) to
compare performance with six different groundwateith less chemical detail [274].
The system was operated in re-circulation modempbes were collected hourly from
feed, UF permeate, NF/RO permeate and concentnate@alyzed using the methods
(conductivity, pH, ion selective electrodes, indwely coupled plasma optical emission
spectroscopy, inductively coupled plasma mass spmipy) described in Chapter 3.4.
Operating parameters varied depending on locatinod aperation and will be
specifically discussed in Section 4.5. Typicalues were that solar irradiance varied
from 0.01 — 3 kW.if, motor power from 50 — 300 W, TMP across the NF/RO
membrane from 2 — 12 bar, and feed flow between 500 L.H".

4.2.3 pH Experiments

The objective of the pH experiments was to evaluhge specific impact of pH on

contaminant retention, while using constant poveeipplied from a diesel generator).
Constant power ensured constant flow and presshus, isolating pH as the only
variable. Four different NF/RO membranes were u&W30 [249], ESPA4 [251],

NF90 [249], and TFC-S [250]) at Pine Hill (for merabe performance comparison).
An additional experiment with BW30 was conductedTatTree (for comparison of

different groundwaters). During each experimehg pH of the bore water was
adjusted in increasing step-wise increments betv@eand 11 with HCl and NaOH (1
M) and equilibrated (typically for 30-60 minutes3fbre taking performance readings
and collecting samples. Samples were collecteth ffeed, UF permeate, NF/RO

permeate and concentrate and analyzed using thbodset(conductivity, pH, ion
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selective electrodes, ICP-OES, ICP-MS) described Cinapter 3.4.  Operating
parameters for the pH experiments were set at %bdr400 L.H. The feed water
temperature in the tank ranged from 24.2 to 6.8t Pine Hill and from 29.1 to 32®

at Ti Tree on the days of experimentation.

4.2.4 Synthetic Water and Energy Experiments

In order to assess system performance without tifuence of complicated
groundwater matrices and uncontrolled energy flatobms €g. not in the field), a
limited number of additional experiments were cantdd using synthetic brackish
water and simulated energy conditions at HeriotiWativersity. The RE-membrane
system was configured as described in 3.1.4. KAeter was prepared using deionized
water spiked with general purpose grade NaCl (6).NaNQ; (50 mg.L* as NQ),
NaNQ; (10 mg.L* as NQ), NaF (10 mg.L* as F), B(OH) (10 mg.L* as B), NaHC®
(84 mg.LY) (Fisher Scientific, UK). The membrane was an IN®®0 4" module, and a
system set-point of 10 bar was selected as descbpéarket al. [168]. Temperature
was controlled at 22.5 °C by constant circulatiGtower was held at 75, 100, 160, 220
and 265 W and samples collected at time 0, 1, 2, B0, 20 and 30 minutes after power
was adjusted. After 30 minutes, the power wasesed to the next level. Chemical
analysis was conducted using the nutrient analigenitrate and nitrite, ion selective
electrode for fluoride, and ICP-OES for boron. d@lstof chemical analysis were given
in Chapter 3.4.

Having described the various types of experimeptsacted, the following sections
report the results from these experiments. Finsbwerview of the raw water quality
and groundwater speciation in remote Australian roomities is given in Sections 4.3
and 4.4, respectively. Then the performance ofREemembrane system is discussed

in detail in Sections 4.5 -4.7.

4.3 Overview of Water Quality in Remote Australian Communities

This section discusses and compares water qudliBaeh of the six selected field

locations. Raw water quality analysis at the défe field locations is shown in Table
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4-1. The most saline water was Pine Hill (totasdived solids, TDS = 5700 mg'L
and the least saline was Ti Tree (TDS = 1080 my.lwhich are levels typical of
brackish groundwaters. All groundwaters have abekiveen 7.8 and 8.5. Australian
Drinking Water Guidelines for NQ Se, S and U (health-based) and Q¥In?*, Na'
and TDS (aesthetic) were exceeded at some locafinasked inbold font on Table
4-1). All locations exceeded guidelines for asteane contaminant. Associated health
concerns for the contaminants exceeding guidelma® reviewed on Table 1-1. For
Pine Hill, which will be discussed in detail in $ea 4.5, the contaminants exceeding
Australian health-based guidelines [24] were sel®n{0.015 mg.L*, guideline (GL):
0.01 mg.%), sulphate (889 mg:t, GL: 500 mg.[%), and uranium (0.295 mgl. GL:
0.02 mg.L"). Where the solute was analyzed but not detethedresult is marked as
less than the detection limit (note that detectiiomt varied because analysis was

conducted with different instruments).

Groundwater quality can be affected throughout ylear by weather trends (in
particular rainfall and temperature) and anthropagectivities such as agriculture.
Therefore, contaminant concentrations could bedrigh very dry and hot conditions
than when rainfall is high and temperatures areefodue to more dilution and less

evaporation.

Average weather information is available for Ali§prings (site number 015590),
which is the nearest major town to these field fioces [273]. This field study was
conducted in October, where the average temper&u8.9 °C and average monthly
rainfall is 21.8 mm. The average monthly tempegtaries from 19.7 °C (July) to
36.4 °C (January), and the average monthly rainaties from 8.6 mm (September)
and 44.3 mm (February). When considering thesetimhpaverages, October would be
expected to have higher than the yearly averagpdsature and approximately average
rainfall. While it is expected that contaminanhcentrations could be higher at certain
points throughout the year, the hottest monthsu@anand February) actually occur
when the rainfall is highest too. When these dionk are considered, October seems
to be a fair representation of average annual watedity. From an operational
standpoint, it is also worth mentioning the daiyshine averages too. In October, this
was estimated to be 10.0 h.dayvith a minimum of 8.4 (June) and maximum of 10.3

(January).
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Table 4-1. Groundwater quality at each of the sixiéld locations in Australia.
Concentrations exceeding Australian Drinking WaterGuidelines [24] are marked
in bold. Associated health concerns for regulatedontaminants were previously

reviewed on Table 1-1.

. ' Aust.  WHO
et weon Aen CCORT Y Bhe T Guder Guoe
ine line
TDS 2500 1540 4780 1510 5700 1080 500 600"
pH (--) 8.2 8.4 8.1 8.2 8.5 7.8 -- --
Al <0.03 <0.03 <0.03 <0.03 <0.01 0.107 02 -
As n/a n/a n/a n/a 0.005 0.003 0.007 .01
Ba 0.0185 0.0505 0.0405 0.0295 0.016 0.04 0.7 0.7
Ca 77.2 38.2 290 31.8 60.1 30.4 -- --
Cr n/a n/a 1950 n/a 2000 437 250 --
Cr <0.01 <0.01 <0.006 <0.006 <0.001 <0.001 0.05 .050
Cu n/a n/a <0.05 n/a 0.021 0.096 ?;2 2
F 2.22 1.27 0.26 0.29 1.10 0.46 15 1.5
Fe <0.01 <0.01 <0.006 <0.006 0.225 0.055 203 --
Pb n/a n/a <0.07 n/a 0.004 0.005 0.01 0.01
Li 0.018 0.005 0.132 0.012 0.06 0.007 -- --
Lu <0.001 0.002 0.001 0.001 <0.001 0.0135 -- --
Mg 59.0 98.3 169 96.7 149 38.1 -- --
0.2%;
Mn n/a n/a 0.296 n/a 0.007 0.002 0.5 0.4
Mb n/a n/a n/a n/a 0.005 <0.001 0.05 0.07
Ni n/a n/a <0.05 n/a 0.003 0.005 0.02 0.07
NO3 8.90 21.1 28.0 32.7 19.0 584 50° 50°
K 20.6 34.1 66.0 8.6 15.0 26.0 -- --
P <0.06 <0.06 <0.1 <0.1 <0.1 <0.1 -- --
Sc <0.001 0.002 <0.001 <0.001 0.001 0.014 -- --
Se n/a n/a n/a n/a 0.015 0.004 0.01 0.01
Na 660 310 1050 208 1650 173 180 --
St 1.00 0.53 3.31 0.51 1.3 0.475 -- --
S 90.5 36.5 370 24 272 33.2 -- --
250°;
SO* n/a n/a 940 n/a 889 116 500 --
Ti n/a n/a <0.001 n/a <0.001 <0.001 -- --
U n/a n/a n/a nfa 0295 0.025 0.02 0.018
Vv n/a n/a n/a n/a 0.022 0.0009 -- --
Y <0.001 <0.001 <0.003 <0.003 <0.006 0.023 -- --
Zn n/a n/a <0.01 n/a 0.222 0.0008 ?* 3 --

Aesthetic-based guideling?rovisional guideline due to scientific uncertastregarding
toxicology/epidemiology and/or due to difficultiemgarding technical achievabilitiGuideline
recommended to protect against methaemoglobinaerbiattle-fed infants (short-term
exposure); n/a: not analyseqR4]; “[11]
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Besides averages, the month of October 2005 experdethe first rain in 18 months

and very unusual amounts of it (79 mm at Alice &gsi well above average). These
periods of rain and heavy cloud were an unseasm@lrrence. Hence the data may
well be different than what one expects based @mnages, but the actual performance

data obtained will be presented in Sections 4.54a8d

4.4 Chemical Speciation of Brackish Groundwaters

Chemical speciation of the brackish groundwaters weedicted to understand the
dominant chemical forms of each ion in the grourtdwa Speciation modelling was
conducted using the Visual MINTEQ (version 2.53ftware package [275, 276].
Groundwater parameters (concentrations) were ehtand ‘sweep tests’ were utilized
based on component activity to determine the chalrsjgeciation of the dominant ionic
species over a selected pH range. Assumptionsudadl a fixed carbonate
concentration (partial pressure of 3.8%18tm), temperature of 25°C, set valence sets
based on groundwater information and phase diageais charge difference between
cations and anions 5%. Understanding the solubility of each of thenpounds in the
specific chemical conditions of a particular growater (Pine Hill) can help explain the

retention results presented later in this chapt&saction 4.6.

Figure 4-2 shows the predicted speciation of fifteemmonly occurring groundwater
compounds at Pine Hill by presenting the percentafeelative species of each
compound as a function of pH. Several trends @olserved from analyzing these
diagrams. Calcium (Figure 4-2B), magnesium (FigtE), manganese (Figure 4-2F),
nickel (Figure 4-2H), and strontium (Figure 4-2ll) lrave major changes to primarily
agueous carbonate salt species at high pH valMesadium (Figure 4-2N) and zinc
(Figure 4-20) also convert nearly completely toboamate salt species at high pH
values, but first go through an intermediate traémsistage. Arsenic (Figure 4-2A),
fluoride (Figure 4-2D), potassium (Figure 4-2J)d aodium (Figure 4-2K) all exhibit

one significant switch in primary species at a pHich corresponds to the chemical
properties of the compound (i.e. acid dissociationstant). While the speciation of
some compounds such as molybdenum (Figure 4-2G)ohodphate (Figure 4-21) is

quite complicated, the speciation of other compauisdnot significantly impacted by
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pH. Chloride (Figure 4-2C) speciation is shown aagepresentative example for
chloride, copper, nitrate, selenium, and sulphdir,of which demonstrate this pH

independence of speciation.
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Figure 4-2. Predicted Speciation of Selected Groumchter Compounds at Pine
Hill: (A) Arsenic; (B) Calcium; (C) Chloride; (D) F luoride; (E) Magnesium; (F)
Manganese; (G) Molybdenum; (H) Nickel; (I) Phosphag; (J) Potassium; (K)
Sodium; (L) Strontium; (M) Sulphate; (N) Vanadium; (O) Zinc
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Now that the raw water quality and speciation hbeen discussed, performance of the
RE-membrane system will be assessed to see houatieffehe system is at removing
the various chemical contaminants. Solar experimeiill first be presented (Section
4.5), followed by the pH experiments (Section 4.6).

4.5 Impact of Varying Solar Conditions on RE-Membrane Performance

This section discusses the effect of varying enesgythe RE-membrane system’s
ability to remove inorganic contaminants. Underdtag the impact of varying solar
energy on inorganic contaminant removal is crittoa¢valuating the performance of the
membrane system and to determine the safe opesaitiraipw. During periods with the
highest solar irradiance (as per Figure 4-1), poyegreration from the pump increases,
leading to maximum pressure, flow, and thereforghhflux while during cloudy
periods, pressure and flow decrease and suffigiémtt energy levels will lead to pump
shut down. Inevitably such variations will affébe retention of solutes. The effect of
intermittent operation (wind energy) on TDS retentivas examined in depth by Park
et al. [168]. Discussed here is the effect of varyingasaonditions on inorganic
contaminant removal specifically at Pine Hill (Sent4.5.1) and Ti Tree (Section

4.5.2), with a summary of all field locations givienSection 4.5.3.

4.5.1 System Performance under Varying Solar Conditions @Pine Hill

The effect of changing solar irradiance on opegapiarameters at Pine Hill is shown in
Figure 4-3. Changes in solar irradiance throughbatday correlated directly with
flow, flux, and pressure (Figure 4-3A and B), apepted for a system with no energy
storage [72]. The temperature of the feedwatereased nearly 7°C during the solar
day from 24.7 to 31.6°C (data not shown on Figw®) 4lue to changes in ambient
temperature and pumping heat (water was recyclddije relationship between solar
irradiance and retention of common salts (calcioragnesium, sodium, potassium, and
TDS) and inorganic contaminants (uranium, strontidlmoride, and nitrate) using
BW30 is shown in Figure 4-3C and D, respectiveRetention was high and solute
specific, with average retention throughout the taing: strontium (99.9 + 0.1%)
calcium (99.9 + 0.1%} uranium (99.9 + 0.2%) > fluoride (98.5 + 1.0%) agnesium
(98.1 £ 1.9%) > sodium (97.1 + 1.4%) > potassiur@. 79+ 1.3%) > nitrate (92.0 +
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1.8%) while TDS was 96.5 + 3.5%. While very higttention (as achieved here) is
desirable for meeting health-based guidelines étaminants, it is also important to
note that sometimes near-complete removal of mimienad salts is not ideal from a
taste and possibly health standpoint [272].

Comparison of retention trends with solar irradeutand thus with flow and pressure)
gives information on mechanisms. The retention sofne of these salts and
contaminants (strontium, calcium, and uranium) wes/ high (> 99.5%) and did not
change with solar irradiance. Under the conditiohthe experiment at Pine Hill (pH
7.2), the dominant species of strontium and calcanm St* and C&', respectively
[171], both of which have large hydrated radii 0f210"° m (see Table 2-1, Chapter
2.1) [82]. The large hydrated radii suggest thtadrdium and calcium retention is
dominated by size exclusion. This is significapté&use safe permeate concentrations
of strontium, calcium, and uranium would therefbeeexpected regardless of operating
conditions. The speciation and behaviour of unanisi complex, highly dependent on
groundwater type and energy variation, and is $pally dealt with in detail by
Rossiteret al.[277].

The retention of the other salts and contaminardas wnpacted by changing solar
irradiance. The retention of nitrate, potassiuadism, and TDS closely followed the
trend in solar irradiance, with lowest retentioncating during the lowest solar
irradiance both in the morning and evening. Thdrated radii (see see Table 2-1,
Chapter 2.1) of nitrate (3.380*° m), potassium (3.310*° m), and sodium (3.580"°
m) are relatively low compared to strontium anccicath. This difference in hydrated
sizes suggests that different mechanisms are domimatheir removal, which is
supported because the operating conditions are mfiuential on retention than they
were for the larger hydrated ions. Convection diftusion dominate retention for
nitrate, potassium, and sodium as is evidencedhgaease in retention (outside of the
error range) with increasing pressure (Figure 4-3%imilar behaviour has been
previously observed and attributed to convectidfusiion, especially for contaminants
with small hydrated size (and thus can enter thenbmane ‘pore’) [107]. As pressure

increases, convective drag forces increase dueetsdlvent flux in the pore even
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Figure 4-3. Conditions and results for BW30 operatig with solar energy at Pine
Hill over the course of one solar day (sunrise tousiset). Feed TDS is 5770 mgt
and pH 7.2. Figure (A) shows solar irradiance (Sland flow; (B) flux and
pressure; (C) salt retention and SlI; and (D) healtithreatening contaminant
retention and SlI. Uncertainty in retention is notshown for clarity but calculated
values are reported on Table 4-3 which are assumed be similar for this data.
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though surface forces attracting the solute stagtamt. Up until a threshold pressure,
the surface forces are stronger than the drag$ornd therefore ion flux remains low
while solvent flux still increases with pressureddhus retention increases [107]. Even
at the lowest solar irradiance, the lowest retentibserved was 88% for nitrate, which
indicates that removal is well within acceptabledgiline values and thus could be

achieved for water with much higher feed conceiutnat

The retention of fluoride and magnesium closelflofged solar irradiance at the
beginning of the day, which is explained again bywection/diffusion. However, at
the end of the day, retention did not again drowvas observed with nitrate, potassium,
and sodium. This could be attributed to conceiatnapolarization and/or changes in
the membrane surface (which were not measured)edaby the recirculation of
groundwater and thus the build-up of ions near ni@mbrane surface as the day
progressed, which resulted in nearly constant tietenin the evening despite the
decrease in solar irradiance. Correlation of fexvd fluoride retention (as observed in
the morning) has been similarly reported and aittet to convection/diffusion [241].

4.5.2 System Performance under Varying Solar Conditions &Ti Tree

In order to compare the detailed effect of varyemgrgy with different groundwaters, a
similar experiment was conducted at Ti Tree. Tdwilts of this experiment are shown
in Figure 4-4. The results are similar to thoserirPine Hill, where as a result of no
energy storage, solar irradiance directly impacédaspects of operation: pressure,

flow, flux and the quantity and quality of permepteduced.

At Ti Tree, the system turned on at approximateR00 with 0.09 kW.nf solar
irradiance. The solar irradiance (Figure 4-4A)réased as the day progressed from
07:00 to 10:00 causing increased feed flow (Figud), flux (Figure 4-4B), pressure
(Figure 4-4B), and production (Figure 4-4C). Frapproximately 10:00 to 14:00, feed
flow stabilized at around 450 L*h pressure at 10 bar, and permeate flow at 220 L.h
(corresponding to a recovery of nearly 50%). Treisovery was much higher that the
manufacturer’s test condition of 15% recovery [248fich is good from a short-term

production standpoint but reduces performance (egntion) [278] and potentially
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could be damaging to the membrane module with tengm operation due to increased

concentration polarization and fouling.

System operation became intermittent when sigmficgloud cover occurred from
14:00 because solar irradiance became insuffié@mperation. When this happened,
the system shut off and feed flow and pressuremrdphence no more permeate was
produced (note that sample collected is an avemag® intermittent operation).
Operation was intermittent for the remainder of tlag due to partial cloud coverage.
Temperature increased from 24 ta’G3luring the day due to ambient conditions and
pumping heat resulting from recirculation. Speci#nergy consumption (SEC) (data

not shown on Figure 4-4) did not change with sstadiance and was 1.0 kWh’n

Retention was impacted by varying energy (see Eigu#D) as a result of changes in
flow and pressure affecting convection/diffusionamanisms. Retention was stable
during consistent system operation but droppedifaggntly (from > 90% to 20-30%)
for all contaminants when operation was intermtttésee sample taken at 18:00).
During stable system operation, retention for caiti magnesium, strontium,
potassium, sodium, fluoride, nitrate and TDS wasval®0%. Retention of multivalent
ions (calcium, magnesium, strontium) was highemth@onovalent ions (potassium,
sodium, fluoride, nitrate) which is consistent WRI® principles [140]. Permeate water
quality was acceptable according to guidelines dtbrcontaminants during normal
system operation (from 07:00 to 14:00) and not pad#e when operating
intermittently due to cloud cover. However, if thery high quality produced during
normal operating conditions was mixed with wateoduced during relatively short

periods of intermittent operation, the resultingmpeate would still be acceptable.
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Figure 4-4. Performance of RE-membrane system at TiTree using BW30
membrane with operating parameters and ion retentia over a solar day
(afternoon partial cloud coverage). Uncertainty inretention is not shown for
clarity but calculated values are reported on Table4-3 which are assumed to be
similar for this data. Note that there was not enogh volume of permeate collected
for the final sample of the day for nitrate analyss.
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4.5.3 Impact of Groundwater Type on RE-Membrane Performarce

Solar experiments were repeated at each of théidosan order to assess the impact of
groundwater type on RE-membrane performance. @t &acation, direct correlation of
solar irradiance with operational parameters wasenked. A summary of the main
performance parameters follows in Table 4-2.

Table 4-2. Comparison of RE-membrane operating pamaeters by daily average at
different field locations using BW30. Note that etensive details of operation at
Pine Hill [72, 248] and Coober Pedy [279] have beaublished elsewhere.

ﬁrﬂgirance T™P Flux Rec- SEC Volume Permeate TDS
Location Weather (kWh (bar)  (Lh™m? overy (kWh. Produced Flow Reten-
. . . 0 -3 -1 -1 : 0,
. day™) %) m¥  (Ldayd (LhD tion (%)
Aileron 4.4 51 85 252 16 911 61 91.2
Aluyen (> 10.6 9.2 24.7 437 1.2 2120 178 97.9
Coober
Pedy @ 10.7 10.2 9.1 17.5 3.2 764 65 96.3
[279]
Harry @ 10.2 100 183 365 1.6 595 132 97.9
Creek
Pine Hill
[171, (= 9.5 9.0 15.4 27.2 2.3 1106 91 96.6
248]
Ti Tree {3 5.8 9.0 28.4 47.2 1.0 1736 205 98.5

The weather conditions varied at the different timees, making direct comparisons by
daily averages difficult. The experiments at CaooBedy and Harry Creek were fully
sunny and thus are the easiest to directly comp&pgeriments at Aluyen, Pine Hill

and Ti Tree were affected by partial cloud coverirdythe day and rain occurred at
Aileron. Solar irradiance directly correlated witMP at each of the locations. Aileron
had the least solar irradiance and TMP reached»anmian of 6.7 bar during the day,

whereas the averages for all other locations wieggeater than 9.0 bar. The maximum

TMP achieved was 11.6 bar at Harry Creek.

The rest of the parameters on Table 4-2 (flux, veog SEC, volume produced,
permeate flow, and retention) on were dependernherieed water in addition to solar
irradiance. Because of the similar full-sun weattenditions, Coober Pedy and Harry
Creek are compared in detail with regard to watenmosition. The average flux at
Coober Pedy (9.1 Lhm®) was significantly less than at Harry Creek (18.8%.m?)
which can be attributed to higher TDS at CooberyRd@80 mg.[*) than Harry Creek
(1510 mg.L*, see Table 4-1) and thus a higher osmotic presmrréer. The difference
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in TDS (and consequentially osmotic pressure baraiso explains the lower recovery,
higher SEC and lower permeate flow at Coober Pkdy Harry Creek. In addition to
Coober Pedy’'s higher TDS, concentrations of magmesimanganese, calcium,
potassium, sodium and strontium were all highentHarry Creek (Table 4-1) which
further explains the lower flux observed. Althoubke difference in weather conditions
affects the TMP, a similar impact of lower TDS lagegto high flux, high recovery and
lower SEC was observed with Ti Tree and Aluyen whexcoveries were again far
above the standard manufacturer’s test conditidtbét [249].

SEC is particularly interesting and of vital importe for RE-membrane systems [66]
because of the implications on capital cost andlitpbto compare treatment
technologies. SEC values range from 1.0 (Ti TteeB.2 (Coober Pedy) kWh:fn
which was comparable with low range SEC valueseagd with other renewable
energy brackish water desalination processes [6Bf clearly observed with the
comparison between Harry Creek and Coober Pedy, iISEECfunction of feed water
characteristics such as TDS and concentrationg@fjhmetals and salts, in addition to

solar availability (determines power consumed leygbhmp).

Average daily TDS retention for each location wheve 90%, despite occasional low
retention obtained during intermittent operatioor @xample the drop from >90 to 20-
30% as observed at Ti Tree and discussed previouslykewise, TDS retention

dropped to 40% at one sampling point with the peeather conditions at Aileron, but
the daily average remained above 90%. This shbas under these conditions, the

system works sufficiently despite the intermittenergy from poor weather.

The differences in selected ion retention for dachtion are shown in Figure 4-5. The
highest retention at all locations occurred withlthaalent ions magnesium, calcium
and strontium, which was similar to what was obsdrat Ti Tree and expected due to
charge and size exclusion. When operation wasimans (no system shut off),
retention was above 85% for these contaminantach ef the groundwaters — which is
sufficient to meet drinking guidelines. This is péarticular interest because the
variation of TDS in the groundwater (between 1088 8700 mg.L}) did not reduce
retention to unacceptable levels despite the aepact on parameters such as flux and

SEC (Table 4-2). Similarly, variations in magnesiconcentration (169 mgliat
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Coober Pedy versus 38 mg-.lat Ti Tree) did not affect magnesium retentiord8=5%
for both).

Interestingly, retention of nitrate followed solaiadiance at both Aluyen and Pine Hill,
with retention lowest at lowest solar availabilisarly and late day). Solar irradiance
impacts convection/diffusion retention mechanisnesdoise of changes in flow and
pressure, which consequently affects transport ibhte (a relatively small ion).
However, this trend was not observed at Coober Paslghown on Figure 4-5. This
could be explained because Coober Pedy has higimeentrations of large hydrated
ions such as calcium and magnesium which coulddbai ionic boundary layer
(concentration polarization) of these larger moleswn the membrane surface and
effectively shield the impact of changing operatoanditions on smaller ions such as

nitrate.

Under very cloudy conditions (Aileron) retentiorodped to between 40-50% for one
sample at 09:00 due to severe fluctuations (thwtdens!) but the remainder of
samples were retained > 93%. At Ti Tree, retentdovpped at 18:00 due to system
shut off as discussed previously. A comparisoilof/en (some fluctuations in solar
irradiance) with Coober Pedy (no solar fluctuatjosisows no difference in retention,
indicating that occasional fluctuations (with a aliwn of several minutes maximum,
occurring every couple of hours) did not impedetays performance with regard to
contaminant retention, as long as the fluctuatioeschot cause the power to shut off (as
with Ti Tree where the system did not recover). rrigaCreek has no data after

approximately 12:00 due to the system being down.

Depending on how water is being used/stored, thopgiiods of unacceptable retention
may not have much effect as long as the volumeslusexl during significantly

cloudy/rainy periods are relatively small as conegato when the system is operating
well. This is usually the case due to low pressamé hence low flux during reduced
energy periods. For example, because the wateeased to such high levels during
continuous operation, mixing of ultra high qualisater with a small proportion of

water that is not treated as well does not makehmdifference. The issue of

intermittent operation is of ongoing research iesef280].
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Figure 4-5. lon retention (calcium, magnesium, stnotium, TDS, potassium,
sodium, fluoride and nitrate) and solar irradiance (SI) at each of the six field
locations over a solar day. Uncertainty in retentn is not shown for clarity but
calculated values are reported on Table 4-3 whichra assumed to be similar for
this data.

In summary, these solar experiments have shownatmatmber of solutes were well-
retained ¥ 85%) despite energy variation (solar irradiandsvben 0.2 and 1.0 kW.f)
during a typical solar day. Fluctuations in enelgy to subsequent changes in flow,
pressure, flux, and SEC. Consequently, retention dolutes such as fluoride,
magnesium, nitrate, potassium, sodium and TDS waspacted where
convection/diffusion dominated retention. For véayge hydrated solutes (calcium,
strontium, and uranium), retention was very higk tlusize exclusion and no impact of
operating conditions was observed. When differgr@undwaters were compared,
retention of calcium, fluoride, potassium, sodiumtrate, magnesium, strontium and
TDS remained high (>85%) for each site tested (dudontinuous system operation),

despite differences in groundwater composition swidr availability. However, during

124



Chapter 4. Renewable Energy Powered Membrane System

periods of severe energy fluctuations (range frod® @ 0.8 kW.rif lasting nearly two
hours at Ti Tree), the system shut off and retentdropped significantly to
unacceptable levels. This decreased performancegdextreme fluctuations has
practical implications, especially in locations wdesuch extreme changes occur
frequently.

4.6 Impact of pH on RE-Membrane Performance

Because groundwater chemistry changes with pHopagnce of the RE-membrane
system can also be impacted with regard to iomtiete and operatione@. flux). The
results from the pH experiments, described in $80c#i.2.3, were categorized into two
groups according to the observed retention behawbuhe contaminants. The first
group is solutes whose retention did not depengtbriGroup 1) and the second group
is solutes whose retention was pH-dependent (G2pup

4.6.1 System Performance for pH-independent Solutes

Group 1 contains solutes whose retention was intege of pH at Pine Hill (arsenic,
calcium, chloride, nitrate, potassium, seleniumdiwm, strontium, and sulphate).
Average retention for each Group 1 solute, membrand location throughout the
entire pH range are reported in Table 4-3. Reswiill first be discussed for BW30 at
Pine Hill, and then compared to the other membrameslocation. Note that Group 1
may contain different solutes in another groundwates the pH-dependence is
groundwater specific.

Group 1 retention using BW30 at Pine Hill was hagid generally above 90% (Table
4-3). Retention correlated both with charge andréted size. The hydrated radii
sequence for the predicted dominant species of @aake (no data available for arsenic
species) is: Ca (4.1210'° m) = SF* (4.1210° m) > Se@ (3.8410° m) > SQ*
(3.7910° m) > N4 (3.5810%° m) > NOy (3.3510%° m) > CI (3.3210° m) > K’
(3.31:10"° m) (see Table 2-1, Chapter 2.1) [82, 171]. Malént ions with large
hydrated radii (i.e. G4 SF* and SQ%) were retained more than monovalent ions with
smaller hydrated radii (i.e. CK", and N&) at Pine Hill with BW30 (Table 4-3).
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Table 4-3. Group 1 retention using BW30, TFC-S, ES® 4, and NF90 at Pine Hill
(for comparison of membrane performance with the sae groundwater) as well as
BW30 at Ti Tree (for comparison of the same membra@ with different

groundwater). Operating conditions were set at 9 & and feed flow 400 L.H"

Where retention is reported as ', the calculation was limited by the analytical
detection limit.

Retention (%) Retention (%) Retention (%) Retention (%) Retention (%)
Solute BW30 TFC-S ESPA 4 NF90 BW30
Pine Hill Pine Hill Pine Hill Pine Hill Ti Tree

Arsenic  >78.9(+5.1) 64.2(x47) >77.6(x46) >77.5(x59) >57.6(+4.5)

Calcium 99.6 (+ 0.2) 95.2 (+ 1.1) 98.8 (+ 1.3) 9g:%.3) 99.7 (+ 0.2)

Chloride  96.4 (+ 2.7) 76.1 (+ 1.8) 89.0(+19) Hpt3.8) 97.3 (£ 2.9)

Nitrate 90.6 (£ 6.7) 51.5 (+ 6.6) 700 (£7.4)  9(t42.0) 90.9 (+ 6.2)

Potassium  94.9 (+ 4.1) 78.9 (£ 2.9) 85.7 (£3.2) .09%5.2) 97.4 (£ 2.1)

Selenium >938(+x0.1) 90.0(+3.8) >926(+2.6) >929(+2.6) >743(+3.5)

Sodium 96.4 (+ 1.5) 77.4 (£ 2.9) 79.6 (£ 2.2) 8{&51.9) 96.2 (£ 1.4)

Strontum  99.6 (£0.2)  95.7 (0.9) 98.8 (£1.4) .2t 0.4) 99.7 (£ 0.1)

Sulphate 995 (+05)  97.1(0.6) 99.1(+0.3) 59@0.2) 99.8 (+ 0.1)

TDS 94.9 (+ 4.5) 77.7 (£ 2.7) 87.7 (+5.9) 91.43(F) 94.4 (£ 6.9)

The charge of BW30 (as well as each of the othenibnanes) becomes increasingly
negative with increasing pH [161]. Therefore, ifache exclusion was the dominant
retention mechanism, retention would be expectedottsequently increase with pH
[113]. However, because retention did not changke pH, charge is not predicted to
be the dominant mechanism for these salts and an@rgcontaminants. This is best
exemplified with chloride, nitrate, potassium, awphate, whose speciation is mostly
pH independent between pH 3 and 11 under the gonsdiait Pine Hill, with dominant
species C) NOs, K*, and S@, respectively [171]. The retention of these sesis pH
independent, despite the changing membrane chaitpep. Highest retention is
achieved for those with larger hydrated radii. sTéuggests that charge exclusion is not

dominant, and instead, steric interactions domiGataip 1 retention.

The speciation of other Group 1 solutes (arsenagium, selenium, sodium, and
strontium) depended on pH [171], but despite thenges in dominant species (and thus
differences in charge and hydrated size), the tietememained pH independent. The
dominant species of calcium, sodium, and strontiere carbonate forms [171] at high
pH and arsenic likely deprotonated between pH 7 @mlpending on if arsenic was
present as arsenic (V), arsenic (Ill) or a mix{dré2]. Arsenic (lll) retention has been
previously observed to be pH independent and atwth to steric exclusion [172].
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Regardless of these changes in species (corresgptalichanges in hydrated size and
charge) with pH, retention was still constant aod €ach of these solutes, again

supporting that steric interactions dominated rtben

The results for Group 1 solutes with health-basadtralian or WHO guidelines
(arsenic, nitrate, selenium, and sulphate — seéeT&li) warrant individual attention
given their significance in water supplies. WithVBO, the retention of these
contaminants was high. Arsenic (total) was wetlhireed, with an average retentian
78.9% (limited by analytical detection limit) an#i{independent. Several studies have
evaluated arsenic retention as a function of pHahdr operating parameters [26, 177]
and found that retention was highly dependent aratpg conditions and affected by
charge repulsion. There are conflicting studieshm literature with regard to the pH
dependence of arsenic retention. In one casejiard#) retention was observed to be
pH independent [172]. However, Uraskeal. observed that arsenic (lll) retention was
dependent on pH and arsenic (V) was pH-indepenflefit]. Further conflicting
behaviour was observed by Figa@t al. who found that arsenic (V) retention was
strongly dependent on pH [26]. These studies dsirate that the dependence of
arsenic retention on pH can vary and depends rgtoonthe type of arsenic present but
also on other groundwater characteristics. Notat tin this study, where pH-
independence of arsenic retention was obsetogal, arsenic was measured, rather than
a particular species such as arsenic (Ill) or & most likely the total arsenic present
was a mixture of different types. High retentioh nitrate (90.6%) was achieved.
Selenium and sulphate were the only contaminardseathe guideline in the feed, and
high retention was again achieved 93.8% and 99.5%, respectively), resulting in
permeate concentrations well below the guidelidgain, selenium and sulphate have
relatively large hydrated radii (3.84'° and 3.7910%° m, respectively) [82], which
supports that their high retention is due to skguesion.

Membrane comparison (Table 4-3) showed the TDS1iete sequence for Pine Hill is:
TFC-S (77.7 £ 2.7%) < ESPA4 (87.7 + 5.9%) < NF90.49+ 3.7%) < BW30 (94.9 +
4.5%) (note TDS has higher uncertainty than therogiarameters because of the many
groundwater constituents contributing to this measient and the changes in their
proportion in feed/permeate). The average daily iequence (data not shown) varied
inversely to the TDS retention: BW30 (13.5 + 1.52.h™) < ESPA4 (23.1 + 1.2 L.im
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2hY) = NF90 (23.1 + 0.6 L.Ah™) < TFC-S (24.3 + 0.4 L.ith™"). The retention of
specific solutes follows the same trend as TDS&mh membrane (see Table 4-3). The
lowest retentions occur with TFC-S (which is theo$est’ of the membranes), and the
highest retentions with BW30 (a ‘tight’ brackishteaRO membrane).

Some of these ions presented challenges to theelob-FC-S membrane in terms of
retention. In particular, nitrate retention (51)586d arsenic retention (64.2%) by TFC-
S were low as compared to the retention of othetasninants by TFC-S and to the
other membranes’ retention of arsenic and nitraBecause feed concentrations of
nitrate and arsenic did not exceed guidelines, W#s not unsafe, although the lower
retention with TFC-S could be an issue for watdrkigher feed concentrations. Size
exclusion was a less effective retention mechanismthe ‘loose’ TFC-S, which
explains the lower retention observed and highdigthiat variation of the effective
membrane ‘pore’ size as compared to contaminangdrated radii was significant
when different membranes are considered. Retentioth BW30 and NF90 are very
similar, which can be explained by the comparab&egular weight cut off values of

these membranes (98 and 100, respectively) [16H] flaus similar ‘pore’ size).

Comparing Pine Hill and Ti Tree waters (Table 4Bpws the impact of general water
characteristics on the performance of BW30. Grdupetention trends at Ti Tree
confirmed results seen at Pine Hill (pH independeand similar retention values).
This indicates the consistently high performancdB@f30 with Group 1 solutes, and
again supports that size exclusion is predominaoabse of the minimal impact of feed
composition. The difference in average feed temipee (31.0°C at Ti Tree compared
to 23.8°C at Pine Hill) did not have an observalripact on retention. Nitrate data is of
particular significance because it was present @lzpudelines at Ti Tree (which is a
grape farm), and was safely removed to near detetitnit. Retention values for those
solutes whose permeate measurements were limiteetegtion (arsenic and selenium)
are difficult to compare between groundwaters,dmih arsenic and selenium were well

below guidelines at Ti Tree.
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4.6.2 System Performance for pH-dependent Solutes

The retention of other solutes (Group 2: coppergmeaium, manganese, molybdenum,
nickel, uranium, vanadium, and zinc) in the Pin# ghioundwater was impacted by pH,
as opposed to the pH-independent Group 1 solu@sup 2 solutes have insoluble and
dominant species under certain conditions, whiculted in their apparent retention
being dependent on pH (Figure 4-6). Feed condamiréand thus observed retention)
varied significantly between pH 3 and 11, becauselgposition on the membrane
surface rather than charge or steric retention an@sins. Precipitation occurs when
concentration in the boundary layer exceeds thebddy limit of a particular species

[112] at those local conditions.

Magnesium (Figure 4-6B), for example, showed atdradrop in feed concentration
above pH 10, indicating precipitation due to theoinbility of MgCG; [121, 171]. The

deposit of precipitatesMyey can be calculated from the mass balance:

Maep = Ve 1 Ce i =VeCe =V G =V Cy, Equation 36

where V is volume, C is concentration, and indices are feed,P permeate,N
concentrate, andthe initial reference condition, respectivelydéed, the mass balance
confirmed accumulation on the NF/RO membrane sarfaith approximately 78% of

the magnesium present in the initial feed solutianing deposited at high pH.
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Figure 4-6. Concentration of feed, UF permeate, NRO permeate, and
concentrate as a function of pH for BW30 at Pine Hii of Group 2 precipitating
solutes (A) copper; (B) magnesium; (C) manganesd)) molybdenum; (E) nickel;
(F) uranium; (G) vanadium; and (H) zinc. Australian guidelines (if applicable) and
detection limits (DL) are shown.
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Similarly to magnesium, deposition occurred foralthe other contaminants shown in
Figure 4-6. Manganese (Figure 4-6C) and nickefufgé 4-6E) deposited on the
membrane at high pH, with respective accumulatiomr®% and> 3% of the original
concentrations (calculation limited by detectionppeciation models indicated that
these solutes were present in their carbonate fddmSO;(aq) and NiCQ(aq) at the
pH values where precipitation was observed [171Copper (Figure 4-6A) and
molybdenum (Figure 4-6D) both accumulated on thenbrane below pH 7, with
respective accumulations of 68% and> 42% (again constrained by analytical
detection limit). Copper was present as either IEu@ CuC}, depending on the
valence of copper (which was not determined) anty/lmd@num as MogfH,0); (aq).
Accumulation of zinc (Figure 4-6H) was the mostn#igant, with > 96% of the
original concentration accumulating on the membraheve pH 8, where zinc was
mostly Zn(OH)(aq) and ZnCQ(aq) between pH 8 and 10, and Zn (§5 above pH
10 [171]. Vanadium (Figure 4-6G) showed complexcsmtion with deposition
occurring both at low and high pH (accumulati®on34%). Deposition of uranium
(Figure 4-6H) on the membrane occurred above pHNn8#, the complex speciation of
uranium suggests it would dissolve back into sotuabove pH 8 [23, 171], which was
not observed at Pine Hill with BW30. The behaviafr uranium was strongly
dependent on both feed water characteristics amaabpg conditions and specific
details were published elsewhere [277].

Removal was achieved (mostly to detection limit)@oup 2 solutes with health-based
guidelines (copper, manganese, molybdenum, nickdl @wanium - see Table 4-1).
Uranium removal to below the guideline is espegiatiotable since the feed
concentration was significantly above the recommentevel. Although the feed
concentrations of copper, molybdenum and nickelrditd exceed guidelines, the high
removal observed indicates that the process woeldffective in treating waters with
higher feed concentrations of these solutes. a@hgegyeneral trends were observed for
the other membranes tested at Pine Hill (TFC-S,A8Pand NF90) as well as for
BW30 at Ti Tree.

The long term consequences of membrane depositienflax decline, possible
deterioration in permeate quality, and increased.SEDuring the relatively short

experiments (30-60 minutes per pH value), signifidtux decline (data not shown) at
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high pH was noted for BW30 at both Pine Hill (22&6)d Ti Tree (45%). Flux decline
for the other membranes was less than 10%. Thesbaverall flux (13.5 L.fAhY)
with BW30 at Pine Hill corresponded to the high®BC (1.9 kWh.rii). This was due
to the high salt concentrations at Pine Hill. Egample, calcium in Pine Hill water is
approximately double that of Ti Tree water (Tabld)4 In addition to the high
retention of BW30 as compared to the other memlisréested which results in higher
concentration polarization, higher osmotic pressun@ consequently lower flux (which
directly impacts SEC). Much of the precipitatioasweversible with a change in pH
(see vanadium on Figure 4-6G) which may not bects® during long term operation

when biofouling may occur as well.

The impact of pH on system operation and speaific retention at Ti Tree was also
evaluated (see Figure 4-7), with the purpose bwngpmpare how varying pH with a
different groundwater affected performance. Figd® shows that above pH 9, flux
decreased nearly by 50% and SEC increased alm6% 2®m 0.95 to 1.8 kWh.th
The precipitation of carbonate-based contaminaasteh( as MgCg@ MnCGO; and
CaCQ) is theoretically predicted by speciation modgjlex high pH [171]. However,
unlike Pine Hill, precipitation of these compoumndss not observed, as the retention of
these large multivalent ions (calcium and magnegyidich not change with pH (Figure
4-7B). The flux decline could be explained by thereased osmotic pressure barrier
caused by the addition of NaOH for pH adjustment.

The retention of some ions (nitrate, fluoride amaiSy increased with pH. This is due to
increased charge repulsion as the membrane swf@rge becomes more negative at
higher pH. At low pH, the retention of fluoride iswest (50%) and then fluoride

retention increases to > 98% above pH 8. Nitratention is 83% at pH 3 and increases
to 94% above pH 8 (which is less than fluoridehat $ame pH). Because fluoride and
nitrate have the same charge and thus would becegé¢o be repelled in the same
manner, this result shows that ion size impacent&in in addition to charge [171], as

was demonstrated at Pine Hill.
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Figure 4-7. Impact of pH on flux, SEC and ion retetion at Ti Tree using BW30.
Uncertainty in retention is not shown for clarity but calculated values are reported
on Table 4-3 which are assumed to be similar for th data.

It is very important to note that the behaviourhaiggard to the dependence of retention
on pH observed at Ti Tree is different for someutas than was observed at Pine Hill.
This means that the groups of solutes presented pfdrdependence and pH-
independence are groundwater-specific. For exampl8& Tree, the retention of nitrate
changes with pH although the opposite was obseav&ine Hill (nitrate was in Group
1). Further, at Ti Tree, the retention of magnesiwas high and pH-independent,
whereas at Pine Hill the behaviour of magnesium stamgly dependent on pH due to
precipitation at high pH. The groundwater chanasties thus have an important effect
on the pH-dependence of retention of individuauses, and the groups presented do

not apply to every groundwater.
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Although the natural pH of the waters tested inftbkel study only varied from 7.8 to
8.5 (see Table 4-1), some locations have much hight where flux decline and
precipitation could be a major operational issk@r example, alkaline groundwaters
have been identified from pH 9.1 in Tanzania [28p] to pH 12 in Korea [282].
Although precipitation was not observed in Ti Trédgs has been observed in similar
groundwaters [283]. In such locations, contamirraténtion may be unreliable and
flux decline, fouling and membrane cleaning woule imajor operational barriers.
Further, concentration polarization near the NF/R@mbrane surface could induce
precipitation, or further precipitation, even if me occurred prior to the UF stage or

already-present precipitates were small enouglass fhrough the UF membrane.

In summary, these pH experiments have shown tleatettention of some solutes (Pine
Hill Group 1: arsenic, calcium, chloride, nitratpptassium, selenium, sodium,
strontium, and sulphate) is independent of pH. fEbtention of other solutes (Pine Hill
Group 2: copper, magnesium, manganese, molybdenigkel, uranium, vanadium,
and zinc) is strongly dependent on pH. The dedfinibf the groups varies depending
on groundwater. Operating parameters such asafaxSEC are also impacted at high

pH, which can have negative practical implications.

4.7 System Operation with Synthetic Water and Simulated Solar Power

In order to better understand the system operaimhmembrane performance without
the influence of complex groundwater matrices natéd number of experiments were
conducted using de-ionized water spiked with inoig&ontaminants and a solar array
simulator to power the system in a controlled mar{ae described in Chapter 3.1.4).
The experiments determined the retention of eacthefinorganic contaminants (at

concentrations relevant to brackish groundwatdrsjemdy state conditions at a number
of pump motor power levels. For reference, pumpompower levels of 75, 100, 160,

220 and 265 W corresponded to solar irradianceegabf 0.25, 0.34, 0.53, 0.73 and
0.88 kW.n¥, respectively. The minimal power level of 75 Wresponded to where

the system just began to operate continuously Bedraximum neared the maximum
capacity of the system. The membrane was an ne®0 MFmodule, and a system set-

point of 10 bar was selected as described by Eagk [168]. Results for steady-state
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retention are shown in Figure 4-8 and the averageabding conditions (flux, flow, TMP

and temperature) at each power level in Table 4-4.

L [ ——
80 e
_. 604 -
g
c —w— Fluoride
-% 40+ —m— Conductivity ]
Q . —A— Nitrite
& 20 —&— Nitrate -
—<4— Boron
-20 T T T T T T T
0.2 0.4 0.6 0.8 1.0

Solar Irradiance (kwW.m?)

Figure 4-8. Retention at steady-state conditions (3minutes at each power level)
using membrane NF90 and feed composition NaCl (61g%), NaNO; (50 mg.L* as
NO3), NaNO, (10 mg.L* as NQ), NaF (10 mg.L* as F), B(OH) (10 mg.L* as B)
and NaHCO; (84 mg.LY). Uncertainty is approximately + 3.1% for boron, + 3.5%
for nitrate and nitrite, = 1.5% for fluoride and £ 1% for conductivity.

Table 4-4. Average operating parameters at steadyege conditions (30 minutes at
each power level) using membrane NF90 and feed coogition NaCl (6 g.L'%),

NaNOs; (50 mg.L* as NG;), NaNO, (10 mg.L* as NG), NaF (10 mg.L! as F),
B(OH)3 (10 mg.L'! as B) and NaHCQ (84 mg.LY).

Solar Irradiance Motor Power Flux Flow TMP Temperature
(kW.m™) (W) (L.h"t.m? (L.hH (bar) (°C)
0.25 75 7.0 54 4.4 23.1
0.34 100 12.8 97 8.1 22.8
0.53 160 25.6 195 10.3 22.8
0.73 220 36.2 275 12.0 22.9
0.88 265 415 316 12.0 23.0

Steady-state retention of each of the contaminariseased with power level (and
consequently flow and pressure), as shown on Figt8e This is due to the decreased
relative importance of diffusion as compared to vemtion at higher flows and

pressures (Table 4-4), and supports the results \wébk real groundwater and energy
conditions. In these experiments, the power levak increased stepwise, while
equilibrating for at least 30 minutes at each leweth a number of samples collected
throughout the 30 minute period. Although a hystereffect was not checkeed.

going down in steps rather than up), this coulddsted in future experiments. The
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very low retention of boron (and negative valuestlte lowest pressure) is very
interesting, and the mechanistic behaviour of boremains poorly understood.
Negative rejection of boron was observed previofmiythe membrane ESPA 1 by Oo
and Song [284]. The rejection was most negatiibatowest permeate flux (as is the
case here), but these results were not explainechaneéstically. Besides boron,
negative rejections of ions in pressure-driven gsses has been proposed to be due to
several distinct mechanisms and has been obsesfedelf116, 285]. In many cases,
the phenomenon arises by an increased concentiatam ion in the membrane phase,
which, in the case of charged membranes, is accoiegphdy a weakened electric field
[285]. This can occur in electrolyte mixtures i@she case here) due to the presence of
different counter ions of different mobilities. @iive rejections can also occur for ions
whose concentration is decreased in the membra@sephwhich also occurs in
electrolyte mixtures due to acceperation of sonms ioy the electric field of diffusion
potential caused by high rejections of other conept® in the mixtureeQ. fluoride or
chloride here) [285]. The experiments conductethia section were not sufficiently
extensive to be able to comment on possible mest@mixplanations (or a systematic
error) for the negative retention of boron undeesth conditions. However, more

detailed analysis of boron retention in bench-seafgeriments follows in Chapter 5.

This experiment also confirms interesting resulith wegard to ion selectivity that were
seen in the experiments conducted with real groatelwof complicated chemical
composition. In particular, the high retentionfloforide as compared to nitrate and
nitrite is of interest. The mechanistic questibattresults from this observation is in
determining why this occurs, since fluoride is aaimon compared to nitrate and
nitrite. Hence, size exclusion based on ionic simes not explain these results, nor
does charge repulsion since the ionic chargesquaent. This question will be the

focus of the remaining work presented in this thesi

4.8 Conclusions

In summary, this chapter focussed on the perforemafi@ RE-membrane system with
different weather and pH conditions, operating wiglal water in outback Australia

(with the exception of Section 4.7). The work céetgd here essentially shaped the
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rest of the PhD as it brought to light a numbeintéresting questions with regard to ion

selectivity and transport mechanisms in NF/RO.

The main results reported in this chapter showatl &hRE-membrane system reliably
removed salts and inorganic contaminants (giveficgrit solar availability) over a
range of real energy and pH conditions via conweedtiffusion and precipitation
mechanisms. During a typical daily range of sotamditions, a number of solutes were
well-retained ¥ 85%) despite energy variation (solar irradiancewvben 0.2 and 1.0
kW.m?) and subsequent changes in flow, pressure, flod, ®EC. Consequently,
retention for solutes such as fluoride, magnesinitnate, potassium, sodium and TDS
were impacted where convection/diffusion dominatedention. For very large
hydrated solutes (calcium, strontium, and uraniuetgntion was very high due to size
exclusion and no impact of operating conditions whserved. Similar results were
obtained when different groundwaters were comparddspite differences in
groundwater composition and solar availability. wéweer, during periods of severe
energy fluctuations (range from 0.02 to 0.8 kW.tasting nearly two hours at Ti Tree),
the system shut off and retention dropped sigmfigato unacceptable levels. This
decreased performance during extreme fluctuatioms Ifpractical implications,

especially in locations where such extreme changesr frequently.

The retention of a number of solutes (Pine Hill Grdl: arsenic, calcium, chloride,
nitrate, potassium, selenium, sodium, strontiung aolphate) was pH independent
between pH 3 and 11. Because retention was stigsigite changes in the membrane
surface charge (and thus changing electric intenas}, steric effects were expected to
govern retention. Retention with BW30 at Pine lilhged from> 78.9% (arsenic) to
99.6% (strontium and calcium) which was attributedlifferences in solute properties
(eg. hydrated size). Retention of other solutes (PMilleGroup 2: copper, magnesium,
manganese, molybdenum, nickel, uranium, vanadiuah,zenc) varied as a function of
pH due to speciation. The pH-dependence of cedalntes is dependent on the
groundwater type, exemplified by nitrate and magmaesdemonstrating different
behaviour with the different groundwaters at Tidend Pine Hill. Deposition on the
membrane surface occurred when concentrationseatmétmbrane surface exceeded
solubility limits, and resulted in flux decline.hiB is a practical problem for long-term

operation.
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Although the system worked well in a number of saslee results also highlighted the
current lack of understanding of dominant mechasisf ion transport in NF/RO
processes. An improved understanding of the fumddéah mechanisms with which
ions are removed would be very beneficial to th&gieand appropriate implementation
of such a system. In particular, the results priegkin this chapter raised questions on
ion selectivity and transport mechanisms, whicleat#d the rest of the PhD. These

guestions include:

«  Why is fluoride highly retained compared to nitrgiggure 4-3, Figure 4-4,
Figure 4-5, Figure 4-8), considering the ionic sgzewuch smaller?

* What explains ion selectivity for ions with the sagharge (and hence the same
charge repulsion from the membrane surface), sucliluaride, nitrate and
nitrite?

* Why is boron rejection negative at the lowest poVesels (Figure 4-8), and
why does it remain so much lower than any othetaramant at higher power

levels?

Because answering these questions requires cautralid systematic studies, further
experiments with this large, field-scale RE-membrasystem were not pursued
(although this certainly could be the subject dtife work). Instead, the remainder of
this work focussed on conducting systematic expemisiwith simplified systems. The
following chapters will address the role of pH gtantion of monovalent anions and
boron (Chapter 5). The selectivity of monovalembas with NF/RO, and in particular
the role of hydration in this process, will be asfed with molecular dynamics

simulations (Chapter 6) and experimental measure{@mnapter 7).
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Impact of pH on the Removal of Inorganic
Contaminants

In Chapter 4, the impact of varying solar energydgoH on a renewable energy
powered NF/RO system was evaluated using real gihoaters. These results provided
valuable information on the suitability of such ystem, and brought up interesting
questions about the trends in retention of inorganontaminants. However, the
complexity of groundwater chemistry and the inheneriability in operation of a

renewable energy membrane system make it diffimultunderstand the NF/RO
mechanisms which explain the observed behaviohus,Tmore simplified experimental
systems are required in order to improve understaspndof NF/RO retention

mechanisms. The current chapter endeavours tmexphe retention of selected ions
(boron, fluoride and nitrate) in a controlled lakstory environment and bench-scale
equipment. The specific objective of this currdmpter was to evaluate the specific
impact of pH on boron, fluoride and nitrate retemtiby linking solute speciation and

retention mechanisms.

In this chapter, the pH-dependence of speciatios pr@dicted for health-threatening
contaminants boron, fluoride and nitrate in purdfievater and a background salt
solution. The modelled speciation was then congpdceresults from bench-scale
experiments using six different NF/RO membranes3B\&ESPA4, NFO0, TFC-S, UTC-
60, and UTC-80A). Retention results were explaimeth regard to speciation,

membrane properties, and ion properties such asgehehydrated size and Gibbs free

139



Chapter 5. Impact of pH on the Removal of Inorg@@nntaminants

energy of hydration. Flux was independent of midjdating that pH did not alter pore
size and hence permeability for all membranes eéxdé&g-60. Membrane charge (zeta
potential) was strongly dependent on pH, as expectBoron and fluoride retention
depended on membrane type and pH, which correlaiedely to contaminant
speciation, and was due both to size and chargtugwn. While boron retention at
low and neutral pH was a challenge, high boron méiten was achieved (>70%) above
pH 11. Fluoride retention was generally > 70% abopH 7. Nitrate retention
depended on the membrane, and was mostly pH-indepgnas was the speciation.
The presence of a background electrolyte matrix (2@ NaCl and 1 mM NaHC{
reduced nitrate and boron retention (at high pHeda charge shielding, and enhanced
the retention of fluoride in single feed solutiossiggesting preferential transport of
chloride compared to fluoride with sodium.

The results obtained here were complimentary toseéhobtained in Chapter 4.
Together, these results have shown the need failetkbtanalysis of the role of ion
hydration in controlling selectivity during transgidhrough a membrane pore, which

will be the focus of the remaining work presente@hapter 6 and 7.

This work was initiated in 2005 by a visiting Ma&estudent (Marion Vuarchére,
University of Savoie, France) and Prof. Andrea Sehdat the University of
Wollongong (Australia). Vuarchere conducted spimmamodelling, the experiments
using BW30, NF90 and TFC-S in single-feed expetisnemd ESPA-4 and UTC-80A in
mixed feed, and the chemical analysis for thoseraxgnts [286]. Vuarcheére’s initial
results informed the design of the experiments ected in the Australian field trial
which was the subject of Chapter 4. In 2010, thesent PhD candidate picked up this
work in order to fill in the gaps and make a cldauk between solute speciation and
retention mechanisms. The PhD candidate verifgetisition predictions, conducted
and analyzed remaining experiments (NF90, BW30,A=6k mixed feed, UTC-80A
mixed feed in MilliQ water and all with UTC60) atidked results with membrane
properties. The compilation and analysis of thdadaas completed by the PhD

candidate.
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5.1 Introduction and Objectives

Groundwater is often considered a viable drinkiregexr resource but, as discussed in
Chapter 1, it may contain chemical contaminantsctvlaire dangerous to human health
and can be difficult to remove. The focus of therkvin this chapter is on boron,
fluoride, and nitrate, which have respective WHOidglines of 0.5 mg.
(provisional), 1.5 mg.t, and 50 mg.L* (short term exposure), respectively [287]. NF
and RO can reduce concentration of each these aarggeontaminants by varying
degrees [49-51, 98, 139].

As discussed in detail in Chapter 2.3.5 and shawi€hapter 4.6, solution pH can
strongly affect NF/RO because different specieswvinich a solute is present in a
solution are pH-dependent, and thus properties as&olute size, charge and hydration
can change. For example, if an uncharged solutepsotonated at its acid dissociation
constant |fK,), it becomes charged and thus charge exclusiom fitee membrane

surface may become significant. A change in spgeaifects hydration state and
consequently hydrated radius, thus impacting retenthen size exclusion is important
[37, 77]. Therefore, changing solute propertiesersally affect all NF/RO

mechanisms.

Additionally, the actual membrane characteristiushsas charge and pore size can
change with pH [143, 174]. Increasing feed watér@sults in an increasingly negative
surface charge for most polymeric membranes [174ubsequently, electrostatic

interaction between ionic compounds and the menebanface vary according to

solution pH [143], with minimal retention typicallgccurring around the isoelectric

point of the membrane surface due to the minime&edtrostatic effects [104, 111, 138,
141, 172]. Additionally, pH impacts the dissoaatiof the functional groups on the

membrane surface which can impact the “opennes#fieopores [143]. Thus, pH can

directly impact water flux and solute retention im@gsisms (namely charge and size
interactions), making pH a very important paraméieron retention in NF/RO.

The relationship between pH and retention for bpiftworide, and nitrate has been
explored to some extent [49, 51, 54, 107, 240-24@yever the focus and novelty of
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this chapter was the specific relationship betwseiute speciation and retention
mechanisms for these contaminants. The objectivi® isystematically evaluate the
impact of pH on boron, fluoride, and nitrate retemtby comparing speciation with

retention using six different NF/RO membranes.

5.2 Experimental Summary

5.2.1 Filtration protocol

To evaluate the impact of pH, experiments were gotatl that assess the retention of
different membranes when varying the pH. A magad#ifiestirred stainless steel batch
cell was used for filtration experiments, as ddstiin Chapter 3.1.1. Prior to each
experiment, the new membrane was rinsed with ulb@pvater and then compacted for
one hour with a pressure of 8 bar. Pure waterlag subsequently determined at 5 bar
for 30 minutes. Retention experiments were coretuet 5 bar and pH 3, 5, 7, 9, 11
and 12.5. For each batch experiment, 5 samples eatlected from the feed (25 mL),
concentrate (25 mL), and permeate (3 consecutingles of 40 mL each for a total
filtrate of 120 mL). Retention calculations compated for the increasing feed

concentration and decreasing feed volume as aifumat time via mass balance.

Analytical grade boric acid (B(OHK)) hydrochloric acid (HCI), nitric acid (HN4D
sodium chloride (NaCl), sodium fluoride (NaF), sadi nitrate (NaNG), sodium
hydrogen carbonate (NaHGY and sodium hydroxide (NaOH) were obtained from
Sigma-Aldrich. B(OH) (1 mg.L* as B), NaF (3 mg.t as F), and NaN§(100 mg.L*

as NQ) were the target solutes, with concentrations csetk to be broadly
representative of natural groundwater sources P®%, 288]. NaCl (20 mM) and
NaHCQO; (1 mM) were used as background electrolyte andehufespectively, to
roughly represent the matrices of natural wateid @fow easier adjustment of pH.
HCI (1 M) and NaOH (1 M) were used to adjust pHl $blutions were prepared with
purified water (MilliQ).

The flatsheet membranes used were BW30 (RO, Fi)mEfPA4 (NF, Hydranautics),
NF90 (NF, Filmtec), TFC-S (NF, Koch), UTC-60 (NFpray), and UTC-80A (RO,

Toray). Membrane information is available onlimeni the manufacturers (Filmtec,

142



Chapter 5. Impact of pH on the Removal of Inorg@@nntaminants

Hydranautics, Koch, and Toray) and included in GdaB.2. Experiments with BW30,
NF90 and TFC-S were conducted both in purified wated background solution in
single contaminant feed solutiohs assess the impact of the background solution on
retention. Experiments with UTC-60, UTC-80A, an8HA 4 were conducted both in
purified water and background solutionnmixed contaminant feeds€Experiments with
NF90 were conducted both in single and mixed coimam feed solutions (with
background) to assess the impact of mixed feed.xetMifeed solutions are more
representative of what occurs in natural watersydver because interactions can be
complex, single feed solutions can give more dhtaigward insight into retention

mechanisms.

5.2.2 Analysis
A number of analytical techniques were used anchaust were described in detail in

Chapter 3.4. A pH meter was used to analyze pHagn 3.4.1). For single feed
experiments, nitrate and fluoride were measuredgugn chromatography (Chapter
3.4.8). For mixed feed experiments, nitrate waalyaed with a nutrient analyzer
(Chapter 3.4.3) and fluoride with an ion selectatectrode (Chapter 3.4.2). Boron
analysis was conducted with inductively coupledspla optical emission spectroscopy
(Chapter 3.4.4). Analytical details and sampleppration were discussed in the

referred section for each type of analysis.

Zeta potential shows membrane surface charge arsdcaigulated from streaming
potential measurements with methods described iapt@h 3.2.4 [174]. Membranes
were characterized for pore size using a hydrodymamodel to fit experimental
retention of neutral organic solutes (dioxane, gglodextrose, and methanol) following
the methodology described in detail in Chapter 33.[86, 216]. Speciation was
modelled using Visual MINTEQ (version 2.53), asadsed in Chapter 4.4 [171, 276].

The results of the experiments will be presented.nEirst, membrane characterization

is discussed (Chapter 5.3), then flux as a funcabmpH (Chapter 5.4), and finally,

speciation and retention of boron, nitrate andritie (Section 5.5).
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5.3 Membrane Characterization
The properties of the membrane are required to ro@wvk in order to understand

retention mechanisms. The membrane surface chaage measured using zeta
potential, and results for each membrane were shmewiously in Figure 3-8. Zeta
potential for each membrane changed from positiv@dgative with increasing pH,
with the exception of ESPA4 and UTC-80A which werever positively charged.
ESPA4 and UTC-80A followed the same trend of amease in zeta potential from pH
3 to approximately 4 and then the zeta potentiatetesed above pH 4, however those
two membranes were never positively charged. Tdietof zero charge (isoelectric
point) of the other membranes was 3.1, 3.2, 4.2,ahd 4.3 for TFC-S, UTC-60,
ESPA4, BW30 and NF90, respectively. Zeta potemsiamportant for understanding
the relative amount of charge repulsion that cacuodrom the charged membrane

surface and how this changes under various conditio

The other characterized parameters included paliesand the active layer thickness
to porosity ratio I(.%). These experimental results and membrane infiioma
applicable to the membranes used in this chaptesammarized in Table 5-1. The
pore radius is particularly important because thee size determines which ions can fit
easily through the pore and which are excludedtduleeir size as a sieve.

Table 5-1. Membrane properties [161, 256, 257, 262]

Pore 1 . Flux?, Flux¢,
Membrane (l\g\g/)co Radius (ig6m)a Mat' g‘ﬁgﬁ“ PW BG IEP
(10%°m)? P wm2hy  (Lm2h?Y
TFC-S 200 [256] 3.4 5.29 PA CONH 29.0 25.4 3.1
TFC  [262]
UTC-60 150 [257] 4.5 4.70 - - 164 154 3.2
UTC-80A  -- 1.9 3.00 - - 10.9 6.9 -
BW30 98[161] 3.2 6.01 PA COOH; 17.2 12.1 4.2
TFC amine
[161]
NF90 100 [161] 3.4 1.46 PA COOH: 54.9 36.6 4.3
TFC amine
[161]
ESPA4 - 3.3 7.57 PA - 32.4 18.0 4.1

--: not available? Uncertainty is estimated to be + 5% for thesediparameters; MWCO: molecular
weight cut-off; PA: polyamide; TFC: thin film comgite; "Flux of pure water (PW) at 5 bafFlux of
background (BG) 20 mM NaCl and 1mM NaHE¢& 5 bar; IEP: isoelectric point
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5.4 Flux asaFunction of pH
Flux as a function of pH is shown in Figure 5-1 &irexperiments conducted. Flux in

pure water is shown in Figure 5-1A and with backg solution in Figure 5-1B.
Permeate flux was independent of pH for all memésaexcept UTC-60, which
suggests this membrane changes with pH. The awdhaq sequence (Table 5-1) for
purified water experiments was UTC-60 > NF90 > EGPATFC-S > BW30 > UTC-
80A. With the background solution, the flux seqeeewas the same with the exception
of TFC-S being greater than ESPA 4. Flux in backgd was always lower than the
corresponding pure water flux with the same mendgramhich is attributed to
concentration polarization and osmotic pressurecesf The lowest overall flux
occurred with UTC-80A, which is an RO membrane dgwed for high boron

retention.

250 T T T T T T T T T T T ¥ T T T T T T T T T T T T
A —O—UTC-60 —~/~TFC-S |B —@—UTC-60 —w— TFC-S
—O— NF90 —0— BW30 ~49-NF90  —@— BW30
200 |- ——ESPA4  —<}—UTC-80AT —A—ESPA4 —4— UTC-80A |
Hls. T |
£150 - T |
=
3100 F T 1
LL
50 Q/H‘Q/O% -+ 7]

3 5 7 9 11 13 3 5 7 9 11 13
pH pH

Figure 5-1. pH dependence of flux for BVBO, TFC-S, NF90, ESPA4, UTC60, and
UTC-80A in (A) purified water and (B) background sdution (20 mM NaCl and 1
mM NaHCOy3). Error in flux measurement for one membrane coupn is estimated
to be + 1% but coupons from different membrane batches can vg £ 5 - 10%.

5.5 Speciation and Retention as a Function of pH
Solute characteristics are important to understahidth mechanisms might affect the

transport of a particular solute. Characteristicsoron, nitrate, and fluoride species are
summarized in Table 5-2, including hydrated radil &ibbs hydration energies where
available in the literature to compare hydratiomrsgth. Hydrated radii are collected
from one data source for consistency where posflp Speciation results for each
contaminant are shown in Figure 5-2, Speciatioedigtions in purified water and

background solution were the same for each sokitewing the additional ionic
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strength did not impact speciation as sometimegrobd at high salt concentration
[289]. Speciation (Figure 5-2) and retention fimgée and mixed feeds (Figure 5-3 and
Figure 5-4, respectively) will be discussed forleaontaminant individually.

Table 5-2. Characteristics of boron, nitrate, and lfioride and other relevant solutes
as reported in the literature [80, 82, 290, 291].

Molecular Crys_tal Hyd(ated Gibbs_Heration
lon Weight (g-mol) Raqllous Radllous Energlef in Water
(10" m) (10" m) (kJ-mol™)
B(OH), 78.84 2.44 [290] - -
B(OH); 61.83 -- -- -36.9 [291]
CI 35.45 1.81 [82] 3.32 [82] -270 [80]
F 19.00 1.36 [82] 3.52 [82] -345 [80]
H* 1.01 -- 2.82 [82] -1015 [80]
HF 20.01 - - --
Na" 22.99 0.95 [82] 3.58 [82] -385 [80]
NOs 62.00 2.64 [82] 3.35[82] -275 [80]
OH 17.01 1.76 [82] 3.00 [82] -345 [80]
--: not available
5.5.1 Boron

The speciation of boron was strongly dependenttbriFfigure 5-2A). The equilibrium
constant of boric acid (B(OR)) and borate (B(OH)) is 9.27 [121]. This means that
boron predominantly existed in aqueous solutionraharged B(OH) below pH 9.27
and as B(OH) above pH 9.27, as

H,0+B(OH), - H* +B(OH);  (pKa=9.27). Equation 37

No other forms of boron were predicted to be presersolution, and there was no

difference in boron speciation in the backgroundtsmn.

The influence of pH on boron retention was sigaific in both purified water and
background solution (see Figure 5-3A and B andreidgi+4A and B). Retention was
very low (< 23%) between pH 3 and 9 for all memlesaaxcept UTC-80A. With UTC-
80A at low pH retention was approximately 50%, both purified water and
background solution, which is significantly highkan the other membranes. At pH 11
and 12.5, retention increased significantly forrmémbranes. Retention with UTC-60
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was significantly lower than all other membranegreat high pH which is likely due

to the more open nature of UTC-60 as shown byigis fiux and larger pore size.
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Figure 5-2. Speciation for (A) boron; (B) nitrate; and (C) fluoride. Speciation
conditions assumed a fixed atmospheric carbonate oentration (partial pressure
3.8-:10" atm) and temperature of 25°C. Speciation result&ere the same in MilliQ
water and with a background solution of 20 mM NaCland 1 mM NaHCOs.
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Figure 5-3. Single contaminant solutions (5 bar, & concentrations: 1 mg.[*
B(OH); as B; 3 mg.L* NaF as F; and 100 mg.l' NaNO; as NQy): Observed
retention of (A) boron (C) nitrate and (E) fluoride in purified water, (B) boron, (D)
nitrate and (F) fluoride in background solution for BW30, TFC-S, and NF90.
Uncertainty is approximately = 3.1% for boron, £ 35% for nitrate and £+ 1.5% for
fluoride.

Similar pH effects on boron retention have beewiptesly reported [49, 50, 289, 292-
294], however, data on all membranes used in thdyshave not been reported and the
effects of salinity are often neglected. The inweid performance of UTC-80A
compared to other membranes at lower pH is sigmfidecause the removal of boron
at low to mid pH ranges is very challenging for masembranes. Although the
performance was even better at pH 10-12.5, thdipahissues associated with treating
waters of high pH are additional chemical cost a8kl of scaling and corrosion [292,
295, 296].
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Figure 5-4. Mixed contaminant solutions (5 bar, fe# concentrations: 1 mg.L*
B(OH); as B; 3 mg.L.* NaF as F; and 100 mg.l' NaNO; as NQy): Observed
retention of (A) boron (C) nitrate and (E) fluoride in purified water, (B) boron, (D)
nitrate and (F) fluoride in background solution for UTC-80A, ESPA4, UTC-60,
and NF90 (background only). Uncertainty is approxmnately + 3.5% for boron, +
3.5% for nitrate and = 1.5% for fluoride.

The retention pattern correlated closely with tpecgtion of boron. At acidic and
neutral pH, where retention is lowest, boron wassent as boric acid B(O§) This

neutral species was easily transported througmiimbrane due both to lack of steric
hindrance and lack of charge repulsion. Thushigker retention achieved with UTC-

80A was likely due to the tight nature of that meame which is also supported by
UTC-80A’s low flux.

Above pH 9, retention sharply increased for all rhesnes ¥ 75% in all cases except

for UTC-60 which only reaches 52% in purified watand 30% in background
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solution). This increase in retention closely esponded with the speciation change
from B(OH) to B(OH), (see Figure 5-2A), which is anionic as oppose®{OH);
[294]. In consequence, the negatively-charged tboi@ns experienced electrostatic
repulsion by the negatively-charged membranes (Borexclusion) at pH 11 and 12.5
[292]. Although specific hydration information bbth boron species is not currently
available, B(OHy is larger than B(OH)[294] so at pH 11 and 12.5 increased retention
can further be explained due to size exclusion.wéier, the hydration energy of
B(OH); is much lower than the other anions, which isipaldrly interesting in light of

its very low retention. This is an area which \wats further exploration, but more

thorough hydration data is required to do so.

Additionally, differences in retention between B(Jaitb B(OH), have been attributed
to three-dimensional differences in the molecularcsure between the two compounds,
which resulted in differences in interactions witembrane active groups [292].
B(OH), has a tetrahedral structure with a sp3 hybridtakbin contrast with the
trigonal planar structure of B(OK)297], as shown schematically on Figure 5-5. The
planar structure enhances hydrogen bridges betvig{@H); and the membrane
functional groups, enabling B(Okijo permeate in a similar manner as carbonic acid o
water via convection/diffusion [292]. Functionalogps are COOH and amine for
BW30 and NF90, and COHN for TFC-S (see Table 541i) details and functional
groups of the other membranes are unknown and iptapy. The hydration structure
of borate or boric acid was not available in theréture but this would be helpful

information.

B(OH)3 B(OH)4

H\? l|O

B H B.. i
o o~ H-o” \ oA
| O-H
H

Figure 5-5. Chemical structure of boric acid (B(OHj), trigonal planar on the plane
of the page) and borate (B(OHy, tetrahedral, 3D).
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Boron retention in purified water was higher tharthe background solution at pH 11
and 12.5 (up to 22% different for UTC-60, with maosttable differences in the mixed
feed solutions). This is because at pH 11 and, BXGH), retention was affected by
charge repulsion, and in background solution, tfeeiase in sodium ions (from < 1
mM to 20 mM) shielded charge repulsion. The slmgidohenomenon is characteristic
of charged membranes and has been commonly usexkpiain decreased anion
retention in the presence of increased ionic strefi@7, 108, 199, 241]. In single feed
solutions, from pH 3 — 9, there was no differentaeutral B(OH) retention with and
without the background solution, which is consisteith the observation that charge
becomes important at pH 11 and 12.5. A comparafosingle feed and mixed feed
with NF90 in background solution (Figure 5-3B andjufe 5-4B) showed slightly
lower retention of B(OH)in the mixed feed solution of higher ionic strén§t0% in

mixed feed; 20% in single feed).

5.5.2 Nitrate
The speciation of nitrate does not depend on pkh w99.5% present in ionic form

(NO3) (see Figure 5-2B). No difference in speciatidmitrate occurs in background

solution.

Nitrate retention (Figure 5-3C and D; Figure 5-4afd D) varied widely from 20 —
96%. Retention was 60-96% and mostly pH indepenftenRO membranes BW30
and UTC-80A, showing that size exclusion is impatrtahen pore size is smaller than
or similar to solute size. For other membranenteon was mostly pH independent
above the isoelectric point of the membranes (ibwsh the same shape for all
membranes). Because nitrate was of uniform changethe charge of all membranes
increased with pH, a continuous increase in retentith pH would be expected if
charge exclusion was dominant. Minimum retentias wbserved at low pH near the
membrane isoelectric point when charge repulsiomirimal for TFC-S and ESPAA4.
This was similarly observed by Q&t al [113]. However, retention was mostly pH-
independent above pH 5, which suggested that sizkisgon was playing a role in
addition to charge. The lowest retention was aleskrwith UTC-60, which is the
“loosest” membrane. Size exclusion is further suiggl because NF90 retention for

single and mixed feed solutions is similar.
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Nitrate retention was generally lower in the preseaf the background electrolyte than
in purified water (the most notable difference WitRC-S), which has been similarly
observed and explained in literature [113, 139¢cd&se nitrate and chloride have very
similar characteristics (charge, hydrated size haydration strength, see Table 5-2),
preferential transport of one of the anions witbarel to the other with sodium would
not be expected. However, the increase in sodiomcentration resulted in enhanced
charge shielding and hence reduced retention basetiarge repulsion [107, 108, 199,
241]. It is to date unknown if ions such as nérpermeate membranes in hydrated or
unhydrated form, which is subject to ongoing inigagions (and will be the subject of
Chapter 6 and 7).

5.5.3 Fluoride
The speciation of fluoride was pH dependent anghswn in Figure 5-2C. The

equilibrium coefficient of hydrofluoride acid (HF$ pK, = 3.2 [121]. The chemical

equation of the acid dissociation is

HF o H* +F~ (pKa = 3.20). Equation 38

Therefore, above pH 3.2, the charged fluoride i@s wWominant and above pH 5 all

fluoride existed as’F Speciation was identical in background solution.

Fluoride retention (shown in Figure 5-3C and D é$amgle feed solution and Figure
5-4C and D for mixed feed) was impacted signifibanty pH and correlated with
speciation. Retention for all membranes, in bathfigd water and background with
single feed, was relatively low at pH 3 (from 5 596 depending on membrane and
conditions) and increased to 95 — 98% at pH 12th wiH. Above pH 7, retention in
single feed solutions was > 87% and hence higlaar tiat of either boron or nitrate. In
mixed feed solutions, an increase in retention wihwas still observed. High fluoride
retention has indeed been observed over a rangenafitions in a number of studies
[51, 54, 240-242].
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This suggested that steric effects contributeuorftie retention. Although fluoride is a
very small ion, it is more strongly hydrated be@asits high charge density and has a
relatively large hydrated radius (3:32*° m, see Table 5-2) compared to other
monovalent anions in solution (3:32'°m for CI and 3.3510%°m for NOy) [51, 82,
242]. Consequently, steric exclusion led to flderbeing more strongly retained by
tighter membranes. Retention with UTC-60 was \Vevy with a maximum of 53% in
MQ at pH 12.5. Because flux decreased with pH,dhange in retention could be
attributable to either or both changing chargeratdgons or the pore size. Retention
with NF90 in single and mixed feed solutions wasilsir, indicating that size exclusion

is important for this membrane.

Near the isoelectric point (pH 3-5), fluoride reten was higher in the presence of
background solution (near 70% for BW30 and NF9@ntm purified water (< 25%) in
the single feed solutions (Figure 5-3C and D). agidic pH, fluoride was not retained
by UTC-60 and retention by TFC-S was only 5% an®%30r pH 3 and 5, respectively,
and approximately 65% for BW30 and NF90. This barexplained with the fact that
chloride rather than fluoride was preferentiallgnsported through the membrane with
sodium, which is supported both because the hydiraidgius of chloride is smaller than
fluoride and because chloride is more weakly hytrgsee Gibbs Hydration Energies
on Table 5-2). Interestingly, in the backgroundusoh, retention was low at both pH 3
and 5, whereas with purified water, low retentioviycccurred at pH 3 (this difference

is most likely an error). This requires furthevestigation.

5.6 Conclusions

The objective of this study was to determine tHati@ship between speciation and
retention for boron, fluoride, and nitrate using different NF/RO membranes. The

main conclusions follow.

Flux was independent of pH for all membranes extEpE-60, indicating that pH did
not alter pore size and hence permeability and exotusion characteristics of those
membranes. The retention of boron correlated wgpleciation and was strongly
dependent on pH. Below theK, of boron pK, = 9.27), only B(OHj) was present in
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solution, and retention was generally low and duéhe small size of the species. At
pH > 11, retention for all membranes increased shafypyto 95%) due to charge
repulsion of B(OH) from the negative membrane surfaces. The preseaifc
background solution decreased B(@Hjetention due to charge shielding. The highest
boron retention at neutral pH (approximately 50%)svachieved using UTC-80A. The
speciation of nitrate was pH independent. Retantraried widely depending on
membrane type, and was mostly pH independent abwovdsoelectric point of the
membranes. Data supported that both charge aednsechanisms were occurring.
Decreased nitrate retention was observed in theepoe of background solution due to
the screening effects of sodium. Fluoride spemmatind retention were pH dependent,
with minimum retention occurring at low pH when Hiéminates (this is similar to
what happened with boric acid). Fluoride (ion) veaster retained than uncharged HF,
due to both charge and size mechanisms. Specigftiects were clearer in single feed
solutions than mixed feed solutions. In singledfeelutions, at low pH, fluoride was
better retained with the background solution thanpurified water, which can be
explained by charge and possibly preferential partsof chloride rather than fluoride
to balance the charge of sodium. In single feddtisms, the fluoride ion was more
highly retained than nitrate for the same membrabeve pH 7, which cannot be
explained by the ionic size (fluoride is a smaltar). This is the same result found in
natural groundwaters (Chapter 4) and is of sigaific interest. More extensive
hydration data is needed for species relevantitostiudy, and this data is not currently
available or inconsistent in the literature. Inrtigallar, hydrated radius and Gibbs
hydration energies for both boron species B(£4hd B(OH) , as well as HF, would be
valuable to further elucidate mechanisms. Adddlyn pH dependent hydration data is

needed for all species.

The selectivity of monovalent anions in single feetltions is the most significant and
interesting finding from this worke@. the higher retention of fluoride than nitrate,
despite the smaller ionic size of fluoride), and Hubject that will be pursued for the
remained of this thesis. As such, nitrite will d@ded as a target contaminant for the
remaining work presented, as this is another mdeavaanion which is health-
threatening, and understanding the selectivityhed ton compared to the others would

be valuable. In particular, the role of hydrationdetermining which ions transport
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through pores remains poorly understood, and pssgie this area would make a
significant contribution to the current knowledgeNd-/RO mechanisms. This will be
explored using molecular dynamics simulations (@ap) and then further pursued
experimentally (Chapter 7).
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Chapter 6

The Importance of Dehydration in Determining
lon Transport in Narrow Pores

The previous experimental chapters have demonsttat mechanisms of salt transport
through NF and RO membranes remain unclear. Fammgte, the high retention of
fluoride as compared to nitrate, which was demaistt in Chapters 4 and 5, cannot be
explained by size exclusion based on bare ion sites observation emphasizes that the
impact of ion hydration must be important. Howeveere is no solid evidence about the
specific role of ion hydration in determining ioransport in nanofiltration (eg. if ions
become dehydrated as they enter a narrow pore),idiodmation on this topic would be
very valuable to improving the understanding of Ina@gsms of transport processes. The
transport of hydrated ions through narrow pores important for a number of
applications in addition to desalination, such d®e tconductance of ions through

biological channels. This subject is the focuthefcurrent chapter.

This chapter endeavors to tackle this challengiogid by use of molecular dynamics
(MD) simulations which were used to systematicakkgmine the transport of anionic
drinking water contaminants (fluoride, chloridetrate and nitrite) through model pores
ranging in effective radius from 2B)*° to 6.510"° m. The aim was to elucidate the

role of hydration in excluding these species durig First, an idealized, cylindrical
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pore model was created. Bulk hydration properfiegdrated size and coordination
number) were determined for comparison with theasibns inside the pores. Free
energy profiles for ion transport through the posdsowed that energy barriers depend
on pore size, ion type, and membrane surface change that the selectivity sequence
can change depending on the pore size. lon coatidim numbers along the trajectory
showed that the process of partial dehydration fef transported ion was the main
contribution to the energy barriers. lon transpostas greatly hindered when the
effective pore radius was smaller than the hydrasestius, as the ion had to lose some
associated water molecules to enter the pore. ISenakgy barriers were still observed
when pore sizes were larger than the hydrated madiue to re-orientation of the
hydration shell or the loss of more distant wateslegules. These results demonstrate
the importance of ion dehydration in transport thgh narrow pores which increases the
current level of mechanistic understanding of meanbrbased desalination and

transport in biological channels.

This work was conducted at The University of Wesferstralia by the PhD candidate in
collaboration with A/Prof. Ben Corry. Corry hasgsiously worked on the simulation of
ions through carbon nanotubes and biological chasrad thus shared his knowledge
and contributed some code for the development ef rttodel and data analysis.
Parameterization, simulations and analysis weredtmted by the PhD candidate.

6.1 Introduction and Objectives

Water and ion transport through confined poreglisviant to important applications such
as desalination and the understanding of biologarathannels. As described in Chapter
2.2, typical NF models include mechanistic contiitms from size exclusion, charge
repulsion, diffusion and convection [143, 144, 12®8-210]. However, a major

limitation in current NF models is the definitioi olute size. Most models use ionic
[210] or Stokes radius [36], which is inherentlyaccurate due to the process of
hydration. lons are hydrated by a shell of dipelater molecules, which means that the
mobile entity is the ion with its hydrated shelthar than just the bare ion [76]. Despite
the fact that hydration is neglected in NF mod#is, importance of hydration has been

demonstrated numerous times experimentally [77,182;125] and in carbon nanotube
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simulations [126, 127]. lon hydration is also aitical importance to biological ion
channels, where the molecular basis of selectigitgue in part to the ion’s hydration
properties [230-234, 238, 239].

As discussed in detail in Chapter 2.2, hydrationimdupore transport processes is not
well-understood (and to date completely un-addeesseNF models), for a number of

reasons. These reasons include the lack or instensinature of hydration data [80-82,
85], the inaccuracy of applying hydration infornaatiin bulk solution to a confined

space, and challenges in accounting for an unkrmviransient parameter in models [77,
125, 126]. Thus, a more detailed approach is reduhat incorporates the interaction of
water molecules with the ion as well as the inteoacbetween the hydrated ion and the

pore.

The overall aim of the work in this chapter wagxamine the hydration of a selection of
monovalent anions relevant to drinking water paoafion (fluoride, chloride, nitrate,

nitrite) as they transport through nanopores t@rd@ne its importance in this process.
The specific objectives were to: (1) develop a naggng MD to simulation the

transport of ions through an idealized pore; (2edeine the hydration structure of the
anions in bulk water; (3) investigate the hydratdrthese ions during transport through a
generic pore, as a function of (i) pore size;i@n type; and (iii) surface charge; and (4)
determine the energetic barriers of transport kaluating free energy profiles in each of

these scenarios.

The novelty in this study lies in systematicallya®ating the dehydration mechanism
during pore transport for small ions with moleculdynamics (MD). Rather than
attempting the challenge of describing the compyexif realistic membrane pores,
simplified channels are used so as to be able tce neasily isolate the role of in
dehydration in pores of different sizes. By callgfparameterizing the simulations to
reproduce ion dehydration energies, many ion tyges pore sizes can be examined,
which would be difficult with more detailed simulats. This study provides the
evidence that dehydration is the determining factdhe transport of ions through pores,
and that such effects occur in conditions applieabldesalination and biological pores.
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6.2 Molecular Dynamics Model Development

The principles of MD, described in Chapter 2.5, avased to develop a new model to
simulate the transport of ions through a pore. foelel was developed in light of the
primary objective to understand the fundamentad odlion hydration/dehydration during

transport through a narrow pore, which is a tomt addressed by current NF models.
Specifically, the objective was to assess the parsf anions chloride, fluoride, nitrate

and nitrite through narrow pores of sizes releuaniNF/RO. The following sections

describe the details of the MD model.

All MD simulations were conducted using the softevgiackage NAMD2.7 [226] and
VMDL1.9 for visualization [298]. NAMD software waselected as it is an appropriate
parallel molecular dynamics code commonly usedhigh-performance simulation of

large molecular systems.

There were two main categories of simulations cotetl The first simulation type was
in bulk water with no pore and was meant to deteentihe properties of the ions when in
water. The second type of simulation containedoee pand was used to model the

transport of ions through the pore. Both typesiwifulations will be described.

6.2.1 Bulk Water Simulations

The first system was used to determine the uncansudl hydrated size and structure of a
target ion in bulk water. A single ion was placgithin a simple box of water (type
TIP3P [221, 299]) to do this. The system for bsilkulations was minimized for 1-ps
and run for 500-ps with a single ion in a water &¥0x60x6010° m at 298 K and 1
atm (controlled with Langevin dynamics). The radistribution function (RDF) was
calculated in order to determine the structurehef hydration shell(s) around the ion.
The hydrated radius{,g was defined at the first minima in the RDF. To®rdination
number is the number of water molecules associaittdthe ion and this was defined by
the average number of water molecules within thardted radius.
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6.2.2 Pore Simulations

The second type of simulations was similar to ih& type with the addition of a pore.
Developing the pore representation in the simubatieequired much effort. A number of
different techniques were tried in order to balane@face characteristics with
computational efficiency. Ultimately, closely spd¢ discrete carbon atoms were
selected for the surface representation, as thepwtation requirements of using
analytical functions, grid forces or numerical &bwere too high. Although similar
simulation systems had been constructed based rborcaanotubes [127], this current
pore representation was selected to be similarhai of an idealized cylindrical

nanofiltration pore.

This simulation essentially contained two watereregirs separated by a pore. This
simulation was designed to understand how ionspan through narrow pores. Figure
6-1 shows a side-view representation of this megislem. The pore was represented as
a smooth, idealized surface to be generic and awpiudng specific chemical
characteristics. While the surface representatonld have been achieved using
analytical functions or numerical tables, closghaced discrete atoms were selected for
computational efficiency. These surface atoms wpeeed at an interval ofID*° m as
smaller spacing did not influence the LJ interattas a function of distance from the
pore wall. The interaction of water and ions witfe twall was through LJ interactions
defined byRminz.surface= 3.75°10"° m andesurtace= 0.1946 kcal.mot (based upon values
for methyl groups in hydrocarbon chains which is refevance to biological and
membrane pores) [300, 301]. The density of atomshe surface was used to scale
€surface 10 reproduce methyl LJ interactions when the at@mes at the density of real
methyl groups. A pore of total length-16'° m (selected to ensure that length was more
than twice the widest radius and for computatiogfiiciency) was constructed. One
simulation with a longer 320"° m pore was also conductef = 3.310*° m) and the
free energy profile flattened out in the pore. this case with a relatively small pore
radius, the maximum energy barriers flattened slightly higher value (~3 kcal.mol
higher) for the 32L0"° m pore as compared to the 16*° m pore due to the electric field
of the ion dropping away relatively slowly and ttaigl exerting an influence on the bulk

water. This does not affect the ordering of iond #he difference decreases as pore
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radius increases. After pore construction, theepmas solvated in a water box of

dimensions 40x40x700*° m with periodic boundary conditions for continuity

The MD pore simulation is very simplified when coangd to a real NF membrane. A
summary of how the MD pore compares to a real Nfmbrane is shown on Table 6-1.
Because the interest with MD was to assess theifgp@opact of transport on ion

hydration, a simplified model was used which alldwifais effect to be determined.
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Figure 6-1. Side-view representation of model systewith 0.1M NaF and Rgs =
3.3:10"° m. Light grey region is a volume representation fowater; green circles
represent fluoride (Rionfiuorice = 1.3+10"° m [80]); yellow circles represent sodium
(Rion sodium = 1.0:20%° m [80]).
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Table 6-1. Comparison of MD pore model with a reaNF membrane.

Characteristic MD Model NF membrane
Pore definition Idealized cylindrical pore. The Tortuous void space in the
effective size of the pore is spectrum between discrete pore

determined by the space in the and dense material, with a

pore actually available to water distribution of pore sizes. Space
(eg.where the LJ interactions  available to water is determined by
between the surface atoms and “wetting” which is dependent on

water molecules allow). the interactions between the
polymer material and water.
Material Pore represented by fixed atomsPolyamide ((CONK") based

with the chemical characteristics active layer, typically hydrophilic
of carbon atoms in C{roups,
hydrophilicity/hydrophobicity not

considered
Surface Charge Not considered for the majority dfpically negatively charged. A
simulations, however limited common charge range is

simulations were conducted with approximately-0.05 to +0.01 Cn
a surface charge of -0.1 Cm (for reference a zeta potential of
evenly distributed on the top -30 mV is approximately -0.01

surface and within pore C.m*?[302)])
Functional Not considered Commonly present as part of the
Groups proprietary manufacturing process
of the active layers
Polarity Not considered Occurs due to membrane
materials, functional groups
Tortuousity Not considered, however the Very tortuous

narrowest part of the NF “pore”is
where transport will be controlled

The effective radius of the pore available to wéier) was used to define the pore radius
rather than the size defined by the location ofdéweter of the surface atonf®, because
Retf was more easily compared to the hydrated radiwesachh ion. This is easily seen in
Figure 6-1. Effective radius was determined bycwialting the oxygen density profile
within the pore, and adding the distance at whidbecame zero to the ionic radius of
oxygen Rion,oxygen= 1.7710"° m) in water. This effective radius was always lg=n the
position of the center of the surface atoms dutheolLJ interactions between the surface
atoms and water (similar to “wetting” in NF). Foeference, the effective radii and
corresponding radii of the centered surface atorashown on Table 6-2. Simulations
were initially conducted aRe = 2.8, 3.3, 3.7, 4.3, 5.3 and 616'° m [303] and the

additional sizes were added on later for comprdlieranalysis. Pore radii were selected
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to be similar to NF membranes [304] as well as ¢hased in previous simulations of
narrow carbon nanotubes [126, 127]. An additiosiahulation was conducted with
surface atoms centeredR¢= 3.010"° m but a corresponding effective radius could not
be calculated because water evacuated from the pore

Table 6-2. Pore radii R;) and corresponding effective radii Rer) used for pore
simulations.

Rp ((10°m) R (*10'°m)

3.75 2.51
4.00 2.81
4.25 3.06
4.50 3.32
4.75 3.52
5.00 3.72
5.25 4.02
5.50 4.33
6.00 4.72
6.50 5.32
7.50 6.53

The pore was neutral for all simulations with tixeeption of surface charge simulations
(at Rett = 3.3 and 4.3.0%° m) where a charge of -0.1 Cwas evenly distributed along
() all atoms on the top surface only, and (ii) @ibms on the top surface and within the
pore. The surface charge was implemented by appbyislightly negative partial charge
(-0.006240 electronic charge units) evenly to evangle atom on the desired surface in
order to achieve a net charge of -0.1 €.and a smooth distribution of charge. lons
were randomly placed to yield a net concentratib®.&@ M sodium fluoride, sodium
chloride, sodium nitrate, and sodium nitrite (sengbalt per simulation), with
electroneutrality maintained. This meant that ¢heere five cations, five anions and
approximately 2400 water molecules per simulatifox @ 3.310*° m pore). In the
negatively charged pore, one anion was used (tgettanion) and ten cations in order to
maintain the overall electroneutrality requiremefdr the system.  The pore
representation did not account for pore size dhstions, tortuousity, and surface
characteristics such as functional groups, whichlmarelevant to transport processes in
NF, carbon nanotubes, and biological pores.
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6.2.3 Free Energy Profiles

The energetic barriers of the ion transporting tigiothe pore was quantified using free
energy profiles, where the free energy of the i@s walculated at a series of locations
moving from bulk solution into the pore. At eadtdtion, the free energy (or potential
of mean force) was determined using umbrella salgdiB05]. This technique uses a
harmonic potential to set the location of the idrinterest along a trajectory path defined
by the distance from the central pore axiga and the vertical positiod. The ion was
moved fromZ = -1510° m (bulk) to 010*° m (center of pore) along the pore axisgfa

= Q) for all pore sizes in steps oft0*® m. Additional positions were sampled fran=

-15 to 710 m (atr agias = 4-10° m) for Rer = 2.8 and 3.20 m; Z = -15 t0 0-10"° m

(at Mragias = 410%° m) for Rt = 3.7 and 4.3.0%m; and Z = -15 to A0 m (atragia =
4-10° m and 810 m) for R = 5.3 and 6.8.0"° m. For the neutral membranes, the
symmetry of the system is used to generate a palterfitmean force across the entire
length of the pore (-1§ Z < 15). The applied force constants were 2 kcal‘dof and
0.2 kcal.mof.A? in the Z and r,.qia directions, respectively, and were selected for
complete sampling in the system. For each targsitipn, a 250-ps simulation was run,
and the coordinate of the ion was recorded every.1-

Table 6-3 shows the configuration parameters usedhfe simulations. Force field
parameters were specified in a protein databasg.pldb) but additional information is
needed in order to calculate the interactions betmatoms which are far apart. A cutoff
distance of 120"° m was specified, meaning that when the distaneésden two ions
are larger than the cutoff distance, the forces emetrgies are set to zero. In order to
eliminate the discontinuity that this creates, shiitg functions were used to smoothly
bring the forces and energies to zero at a swigctistance of 100 m [226]. The pair
list distance is used to specify a patch size sb HAMD can create a list of pairs of
atoms for which non-bonded interactions should &leutated periodically. The patch
size (13.510"° m) must be defined for the list to be created bseaf atoms moving into
or out of this patch between steps. The scaledekelusion policy relates to atoms
separated by three bonds (not relevant in this thoaled is always used with the
CHARMM force field [226]. Constant temperature toh is done using Langevin
dynamics which balances friction with random ndisedrive each atom in the system
towards a target temperature. Because periodiadsoy conditions were used, full-
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system periodic electrostatics and constant presguangevin piston) were used.

Harmonic constraints were not used on any atonthansystem and output parameters
were recorded every picosecond. The statisticgemble employed was the NPT
ensemble, where pressure and temperature are &eptaat. This is implemented in

NAMD using Langevin dynamics (details of which at@wn in Table 6-3).

Table 6-3. Configuration parameters for pore simuléions using NAMD?2.7.

Parameter Category Parameter Selection
Force-Field Parameters Exclude Scaled1-4
1-4 Scaling 1.0
Cutoff 1210 m
Switching On
Switch Distance 100 m
Pair List Distance 13:50m
Margin 1.0
Constant Temperature Control Langevin Dynamics On
I, damping coefficient 5 p's
Temperature 298 K
Periodic Boundary Conditions -- On
X-Vector 4010 m
Y-Vector 4010°m
Z-Vector 7010"°m
PME (full-system periodic electrostatics) PME On
Grid Size X 7510"°m
Grid Size Y 7510 m
Grid Size Z 9510 m
Constant Pressure Control Flexible Cell On
Constant Area On
Langevin Piston On
Piston Target 1.01325 bar
Piston Period 200
Piston Decay 50
Harmonic Restraints Harmonic Restraints Off
Outputs Restart Frequency 1ps
DCD Frequency 1ps
XST Frequency 1ps
Output Energies 1 ps
Output Pressure 1 ps

The weighted histogram analysis method (WHAM) [38®&/] was used to calculate two-
dimensional free energy profiles with a toleran€¢®.®001 and 30 bins in both and

lagiar directions. Conceptually, this method removeslitas placed on the target ion
with the umbrella sampling to calculate the enecgetquirements, which is the desired

end result. Umbrella sampling is a standard teplmiused in molecular dynamics
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simulation. Two-dimensional profiles were integdhtat eachZ position [127] to
determine a one-dimensional profile. All energgfipes were single-ion profiles as no

other ions entered the pores during the simulations

6.2.4 Uncertainty Analysis

The uncertainty in the free energy values was assgelsy conducting seven independent
trajectories for one case (fluorideR = 3.310'° m) in order to show error of repeated
simulations. The standard deviation of the peakhef energy barrier from the seven
independent trajectories was + 2.3%, and this wes assumed to be similar for all
trajectories. Convergence of the simulations wahér evidenced by taking the average
and standard deviation of energy outputs over &isé 20% of the sample windows of
500-ps (bulk simulations) and 250-ps (per umbreiladow). The standard deviation as
a percentage of the average value was = 0.07% &% for the 500-ps and 250-ps
simulation windows, respectively. To further assesror, the Monte Carlo Bootstrap
error analysis [308] feature within WHAM (a standlagrror technique for umbrella
sampling) was evaluated for fluoride Bt; = 2.810%° m, as determined with 1000
Monte Carlo trials and correlation time of 100. indsthis technique, reproducibility of
the free energy calculations was estimated to Hk3+kcal.mof'. This accuracy was
assumed to be similar for all simulations. Becatlme magnitude of the error bars is

small, they are not marked on the figures in Chapte

6.3 Parameterization

Force field parameters required for MD simulatiomere available for fluoride [83],
chloride [83] and water (type TIP3P) [309], but hadbe specifically developed for
nitrate, nitrite and boric acid usirgp-initio quantum mechanical and MD techniques
[221]. Gaussian03 [310] software was used to condeometry optimization (bond
length, angle stretch and improper torsion), freqyeanalysis, and to calculate partial
charges with the Merz-Singh-Kollman electrostatiting scheme [311]. This was
achieved using Hartree Fock theory and a 6-31+Q3isbaet. Hartree Fock theory

utilizes a mean value for electron-electron intBoms and the selected basis set 6-31+G*
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describes intermolecular interaction energies usapyjt valence and polarization
functions on all non-hydrogen atoms [220, 221].rcEaconstants were determined from
potential energy surface scans and adjusted tohnthte infrared spectra from a MD
vacuum simulation to the infrared frequencies otgtdifrom the Gaussian calculation. LJ
parameters Rmin,j ande;) for all non-bonded atoms were systematically sidjd to

reproduce the hydration free energies of the ions.

The method of alchemical free energy perturbat{&#fd2s) [221] was used to validate the
ion parameterization by calculating the differebetween the Gibbs hydration energies
of two ions and comparing to literature values [88] single chloride ion was placed in
the center of a 40x40x400'° m water box (type TIP3P [221, 299]) and slowly pted
into the target iongg. nitrate or nitrite) in 20 thermodynamic perturbatisteps each
lasting 500-ps. The non bonded LJ parameters waejasted until the simulated
hydration free energy of the ions was within 1 koal of the hydration free energies

reported in the literature (-71.6 kcal.nidbr nitrate and -78.8 kcal.nmibfor nitrite [80]).

6.3.1 Fluoride, Chloride and Water

Force field parameters for fluoride [83], chlorif&8] and water (type TIP3P) [309], as
available in the literature, are shown on Table 6Fhe TIP3P was model was selected as

it is commonly used in molecular dynamics simulasidor a variety of applications.

Table 6-4. Force field parameters from the literatwe for fluoride [83], chloride [83]
and water (type TIP3P) [309].

Parameter Fluoride | Chloride Water (TIP3P)
H O

Partial Charges -1 -1 0.417 -0.834
Non-bondedr minj2;j (A) 2.303 2.513 0.2245] 1.7682
Non-bondedz (kcal.mol?) 0.0033 0.0356 -0.0460 -0.1521
Bond lengthp (A) n/a /a H-O: 0.9572
Bond force constank, (kcal.mol*.A™) H-O: 450
Angle stretchp (deg) n/a n/a H-O-H: 104.52
Angle force constankg (kcal.mol*.rad?) H-O-H: 55.0
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6.3.2 Nitrate and Nitrite

Force field parameters for nitrate and nitrite wdexeloped using@b-initio techniques

and FEPs, as described above. The non bondedrathegers were adjusted until the
hydration free energy of the ions was within 1 koal* of the target value, which was -
71.6 kcal.mot for nitrate and -78.8 kcal.mibffor nitrite [80]. The FEP results for nitrate

with various LJ parameters are shown in Figure 6-2.
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Figure 6-2. Gibbs free energy values for nitrate ltained from alchemical FEP
when a chloride ion was gradually morphed into nitate in a water box. The
adjusted Lennard-Jones parametersd and Rmin2) are for the oxygen in nitrate.
Alchemical FEP calculations with various combinatioof LJ parameters yielded the
Gibbs free energies shown on Figure 6-2 for nitrakéore negativee and decreasing
Rminz led to lower (more negative) Gibbs free energytiniately, the parameters of= -

0.2 kcal.mof* and Rminz = 1.910%° m were selected for the oxygen in nitrate as this
combination yielded the desired free energy of agdn for nitrate [80] and were
comparable to values for other bonded oxygen attiaiswere already optimized in the
available parameter files [226]. A similar fittifgrocedure was conducted for nitrite.

The final optimized parameters for nitrate anditeitare shown in Table 6-5.
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Table 6-5. Optimized ion parameters necessary forgee simulations developed by
ab-initio techniques for nitrate and nitrite (“--” is non-applicable).

Parameter Nitrate Nitrite

N o] N O
Partial Charges 1.0323 -0.677 -0.058 -0.471
Non-bondedr minj2;i (A) 1.850 1.900| 1.850| 1.900
Non-bondedz (kcal.mol%) -0.200 -0.200| -0.200 -0.200
Bond lengthp (A) N-O: 1.2268 N-O: 1.2254
Bond force constank, (kcal.mol*.A™) N-O: 425 N-O: 264
Angle stretchp (deg) O-N-O: 120 O-N-O: 117
Angle force constankg (kcal.mol*.rad?) O-N-O: 110 | O-N-O: 27
Improper torsiont (deg) N-O-0O-0O: 0 n/a
Improper force constari (kcal.mol*.rad®) | N-O-O-O: 163 n/a

6.3.3 Boric Acid

Geometric optimization, force constants and partiahrge determination were also
completed for boric acid. These parameters arevishon Table 6-6. Due to the
complicated nature of boric acid with seven atoperameterization is much more
difficult for this molecule and unfortunately theras not sufficient time to complete the
parameterization of the LJ interactions. This ddog the subject of future work, as the
transport of boric acid is poorly understood, amapprly parameterizing the molecule for
MD simulations would be valuable. Because paranzetion was not completed, no
further results will be presented for boron in ttiapter.

6.4 1on Behaviour in Bulk Water

The behaviour of ions in bulk water must be unadedtas a basis for comparison to how
water interacts within a confined pore. The iores @aced in bulk water and allowed to
interact with the water molecules. After allowirdgetinteractions, a number of properties
can be determined. The hydration properties of @atim bulk water are shown in Table
6-7. Fluoride had the smallest hydrated SRgauorice = 3.4107° m), smallest average
coordination number (6.5) and highest hydratiorrgyné-119.7 kcal.mét). Nitrate and
nitrite had larger hydrated radii (510*° m and 5.110° m, respectively) and more

water molecules associated with them comparedetgitigle atom ions fluoride
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Table 6-6. Optimized ion parameters developed by aimitio techniques for boric
acid. Note that Lennard-Jones parameters are nohcluded.

Parameter Boric Acid

B @) H
Partial Charges 1.334 -1.096  0.652
Bond lengthp (A) B-O: 1.3584
Bond lengthp (A) O-H: 0.9471
Bond force constank, (kcal.mol*.A™) B-O: 500
Bond force constank, (kcal.mol*.A™) O-H: 625
Angle stretchg (deg) H-O-B: 113.7
Angle stretchp (deg) O-B-O: 120
Angle force constankg (kcal.mol*.rad?) H-O-B: 20
Angle force constankg (kcal.mol*.rad?) 0-B-O: 55
Improper torsiont (deg) B-O-0-0: 0
Improper force constari, (kcal.mol*.rad®) | B-O-O-O: 31.6
Dihedral angleg (deg) H-O-B-O: 180
Dihedral force constank, (kcal.mol%) H-O-B-O: 3

(3.410%° m) and chloride (3:80%° m). The most weakly hydrated ion was nitrate,
which had the highest average coordination numb®56§ and lowest hydration energy (-
71.6 kcal.mof) meaning that each water molecule was bound weaktite ion. Note
that nitrate and nitrite were not spherical iomgj ¢hus were not spherical when hydrated
because water molecules associated at highesttylaarsiund the polar sites on the
nitrogen and oxygen atoms. Also note that the digdk radii obtained here are somewhat
different than reported in very early studies [88} these new values are more reliable
due to their ability to reproduce hydration freeemyies and will be used for the
remainder of the work presented in this thesis.e Tadial distribution functions and

instantaneous distributions of coordination numlagesshown in Figure 6-3.
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Table 6-7. Properties of hydration for each ion inbulk water including hydrated

radius and average coordination number.

Parameter Fluoride Chloride Nitrate Nitrite
lonic RadiusRin (10 my?* 1.3[80]  1.8[80] 3.0 3.0
Hydrated RadiusRyq (10%° m)° 3.4 3.8 5.1 5.0
Average Coordination Number (--) 6.5 7.1 15.5 12.7
Target Hydration Free Energy

(kcal.mol™) -119.7 [86] -89.1[86] -71.6[80] -78.8[80]
Simulated Hydration Free Energy

(kcal.mol®) -119.7 [83] -89.6 [83] -71.5 -79.1

2 For nitrate and nitriteRon = bv.o (1.2210™° M) + Rion oxygen(1.7710™° m)

® For nitrate and nitriteRnyg = byo (1.2210° m) + RDFyi,
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Figure 6-3. lon behavior in bulk water. (A) Radial distribution function (RDF) for

each ion in bulk water. RDF indicates the variatio of oxygen (in water) density with
distance from the center of the ion, and the size the hydration shells are defined by
the minima of the RDF function. Overlay schematicshows fluoride and its
associated first hydration shell Rnygfiuoride = 3.4107° m), which is defined by the first
RDF minima. (B) Distribution of instantaneous coordnation numbers. The
probability of each ion having a given coordinationnumber is shown as determined

from their relative frequencies within the bulk simulations.

6.5 lon Transport asa Function of Pore Size

Simulations involving anions transporting througtp@e are now considered for the

remainder of the chapter. The free energy probleffuoride entering pores of different

sizes are shown in Figure 6-4A. In the narrowese studied R, = 3.010"° m), water

evacuated the pore during system equilibrationchSvacuation in small pores has been

observed previously [300] and this narrowest paze sas not further pursued in this
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study. In the remaining cases, the highest eneaigyeb for ion transport through the pore
(46.9 kcal.mol) occurred with the smallest pore where water reediduring
equilibration Re = 2.810° m) because ion transport is the most hinderece éftergy
barrier was not simply a linear function of poreesithere was significant impact of pore
size on free energy & = 2.8, 3.3 and 3:70'° m but the impact became less prominent

at the largest pore siz&= 5.3 and 6.8.0'%m.

A plot of the maximum free energy versus pore siigure 6-4B) shows two key
regimes that dictate transport. The first reginas b steep slope, as the energy barrier
steeply increases as pore radius decreases. dhisred at lower pore radiR{s = 2.8 to
3.7-10" m) where transport was highly hindered (energyi®ar 10 kcal.mot). The
highly hindered regime occurred when the hydragetius (3.410%° m) was larger than
or similar to the effective radius of the pore magrthat water must be stripped from the
ion for it to enter the pore. At larger pore ra@is = 4.3 to 6.510"° m), transport had
smaller hindrance (energy barrier < 6 kcal.Moand the slope of the curve is less
because fluoride could fit into the pore with itatiee first hydration shell. The
dehydration energy does not scale linearly with ibenber of water molecules, as the
first water binds most strongly to the ion. Thisagparent in both ab-initio and MD
calculations of binding energies [83], but is mekxedent in the pores where the limited
space reduces hydrogen bonding between the cotrdjnvaaters as observed previously
by Song and Corry, who determined the non-linearftfree energy required to partially

or fully dehydration chloride in a pore [126].
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Figure 6-4. Impact of pore size on the free energgf fluoride. (A) Free energy
profile of fluoride entering pores of different sizs (center of pore isZ = 0). (B)
Maximum energy barrier at different pore sizes.

A quantitative and visual analysis of coordinatimmmber (Figure 6-5 and Figure 6-6,
respectively) clearly showed that these energyidrarivere due to dehydration because
water molecules were removed from the hydratiorerayg allow fluoride to “squeeze”
into the smaller pores. In the smallest pdg: € 2.810'° m), the coordination number
of fluoride decreased from six to two as it moveahf bulk into this pore, which means
that it was partially dehydrated with the loss otif water molecules from its inner
hydration shell, explaining the very large energyrier. The coordination number
remained at two with no deviation inside the poeethere was a single chain of
molecules through the pore as shown in Figure 16 there was no other option for

fluoride to coordinate with more than two water golles once inside.

When the effective pore size was larger than thdrdtgd radius, fluoride did not have to
dehydrate, resulting in a much smaller energy eaffor the transport. Small energy
barriers at large pore sizes (for example 1.7 #uall* at Rer = 6.510"° m) were due to
slight rearrangement of the hydration shell antdsing water from the second and more
distant hydration layer.

These results are reasonable when compared withgyermarriers found in carbon
nanotubes, NF, RO and biological channels. Theggnequired to strip water from the
hydration shell of sodium as it was entering a earbhanotube was approximately 8.5
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kcal.mol' per water molecule [126], whereas it is approx@hal0 kcal.mof per water
molecule in this study for fluoride (as calculateg dividing the energy barrier by the
decrease in coordination number). Energy baroésure water permeation in RO and
inorganic NF membranes have been reported in thgeraf 4.3 to 7.2 kcal.mol[183].
The physiological role of biological channels isttansport ions across a membrane and
thus most narrow biological pores (such as potassitannels) contain polar groups with
which the ions can interact to overcome the dehiairgpenalty. Biological pores with
non-polar lining do exist, but must open wider tasp ions. It has been noted, for
example, that the 3.00%° m radius non-polar interior of the closed statetglcholine
receptor presents a 6 kcal.Mddarrier to sodium and 4 kcal.rfoto chloride [126, 239,
312].

)
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Reff = 4.3 A
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Coordination Number ( --
N
1

-15 ' 10 ' 5 ' 0
Distance in Z Direction (A)
Figure 6-5. Coordination number of fluoride as a @inction of distance in theZ-
direction from bulk water into the pore for each pae size (center of pore i€ = 0).
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Figure 6-6. Representation of a fluoride ion (greenat the center of the pore Z = 0)
and surrounding water for different pore sizes.

6.6 lon Transport asa Function of lon Type

The effect of ion type on transport was examinedageess differences in behaviour
according to ion properties, as shown in Figure. @4fe free energy profiles (Figure
6-7A and B) show that the energy barrier is strgradgpendent on ion type due to ion
size, hydrated size, and hydration strength. énstimaller poreRs = 3.310"° m, Figure
6-7A) fluoride had the highest barrier (27.4 kcall), followed by chloride (21.8
kcal.mol%), nitrite (11.1 kcal.mét) and nitrate (6.3 kcal.md). This order matched the
trend in hydration energy (Table 6-7), showing timaa very narrow pore, the energy
barriers in transport match the hydration energgds. In the larger por&; = 4.310™°

m, Figure 6-7B) energy barriers decreased fooalltypes, which was consistent with the

behaviour discussed for fluoride in Section 6.5.

An interesting switch in the trend of the energyrieas occurred with fluoride and
chloride with the two pore sizes shown in Figuré.6in the larger poreRy; = 4.310™°

m), chloride had the higher energy barrier, whefeaside was the most hindered with
the smaller poreRe = 3.310"° m). Plots of the coordination numbers in the pore
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(Figure 6-7C and D) can be used to explain theseltee In the smaller pordd; =
3.310% m), each of the ions had to partially dehydrateorfde partially dehydrated
from approximately seven to four associated wateltenules; chloride from seven to
four; nitrate from fifteen to seven; and nitriterin twelve to six. This shows that partial
dehydration resulted in the energy barriers. Mtread the lowest energy barrier because
even though it lost eight associated water molecdiging transport (the largest number
of any of the ions), it had the most water moleswdssociated with it in the bulk (15.5)
and the lowest hydration energy (-71.6 kcal:Mslo the dehydration did not have a large

energetic cost.

In contrast, in the larger pore sizR.{ = 4.310*° m) partial dehydration occurred for
each ion except fluoride. Fluoride was sufficignsimall to fit in the pore without
dehydrating (whereas chloride still needed to dedig), which explains the switch in
fluoride and chloride between Figure 6-7A and BhisTis similar to the classic idea of
‘size selectivity’ but is based upon the size o thydrated rather than the bare ion or
Stokes radii [313, 314]. A similar switch in theder of the energy barriers has been seen
for sodium and potassium [126, 239]. Fluoride dmt dehydrate, chloride partially
dehydrated from seven to six associated water mlggcnitrate from fifteen to ten, and
nitrite from twelve to nine. The smaller amountdahydration required resulted in the
lower free energies aRer = 4.310°° m. These results were consistent with data
previously published by Song and Corry, which stateat the free energy required to
partially dehydrate chloride to three associatetewmolecules was 20.3 kcal.ritoand

to six water molecules was 9.50 kcal.thtompared to 21.8 kcal.mbht R = 3.310%°

m and 7.74 kcal.mdlifor Rt = 4.310° m in this study) [126].

Therefore, this section has shown that free enbegyiers were not only dependent on
pore size, but also on ion type (and hence hydrgiioperties). Coordination numbers
confirmed that partial dehydration is the main dwieant of the energy barriers

observed.
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Figure 6-7. Free energy profiles (A and B) and cadination number versus distance
(C and D) of different ions for two pore sizes, (Aand C) Re = 3.310'° m and (B and
D) Ret = 4.310*° m (center of pore isZ = 0)

6.7 lon Transport for Each lon Type at an Extended Size Range
Because of the very interesting results obtainedl diacussed in Sections 6.5 and 6.6,

additional simulations were conducted for each abran extended range of pore sizes.
The results for energy barrier of each ion verdtectve pore size are shown in Figure
6-8. This figure shows that energy barriers averg clear function of both ion type and
pore size, corroborating the results shown in 8est6.5 and 6.6. However, this figure
also shows some very interesting information initaold to what was already presented
in previous sections. In particular, there appedre three key regimes with regard to ion
properties that can be linked to the maximum endygyriers. These key regimes

describe regions in which:

1. Theion fits in the pore with its complete hydratighell Riyd < Ref).

2. The pore size is between the size of the bare nontlze hydrated iorRun < Ret
< Rhyd).

3. The bare ion struggles to fit inside the pdRan(> Re).
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Figure 6-8. Maximum energy barriers for fluoride (A), chloride (B), nitrate (C) and
nitrite (D) with an extended range of pore sizes.

In the first regime, the ion is able to fit in there with its first hydration shell complete.
In other words, it is where the effective pore s&ztarger than the hydrated radius of the
ion of interest. This regime is the farthest oa tight in Figure 6-8. Energy barriers in
this regime are relatively small and are due toraggement/reorientation of the first
hydration shell or loss of the second and fartharétion shell. The increase in energy
barriers with decreasing pore size, even whendhean fit in the pore with its hydrated

shell, is most significant for strongly hydrateddtide and chloride.

In the second regime, the effective pore size tavéen the size of the bare ion and the
hydrated ion. Here, some dehydration is requiredrder for the ion to enter the pore
with a partial hydration shell. Pore size sigrafily impacts the energy barriers in this
regime due to the energy required to dehydratee Slbpe of the line of energy barriers
versus pore size can be clearly seen in the migdjiene in Figure 6-8. The slope of this
line is related to hydration energy. Fluoride, thest strongly hydrated, has a very steep
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slope in this regime, followed by chloride, nitré@d nitrate. This trend in slope is the

same as the trend in hydration energies as seéalida 6-7.

The third regime is where the bare ion strugglesttimside the pore, and hence energy
barriers become extremely high or even infinite {&s the case with nitrate in the
smallest pore, which is what the up-pointing arn@presents). Fluoride and chloride
never reached this third regime because of they small ionic size (similar to that of

water).

The selectivity sequence of ions thus changes digprto the pore size, since the
regimes for each of the ions are located accorttiribe ion properties (ion size, hydrated
size, hydration strength). This ordering is shoam Table 6-8, and will later be
compared to experiments (Chapter 7). At the ssia®re size (2.510'° m), the
energy barriers are nitrate > nitrite > fluoridetoride, assuming the nitrite data point is
out of trend. At 2.810"° m, the order is fluoride > nitrate > nitrite > otitle. At
3.0610"° m, fluoride > chloride > nitrate > nitrite. Frog13210"° m to 4.0210"° m,

the order is fluoride > chloride > nitrite > niteatwhich is the inverse order at the
hydrated radii. At 4.330"°m and 4.72.0"° m, the order is chloride > fluoride > nitrite
> nitrate, and finally at 5.320%° m and 6.5310"° m, the order is fluoride > chloride >
nitrite = nitrate. These sequences are directited to the amount of partial dehydration
required, and thus are completely dependent onyje® and pore size. Because each of
the ions has a different ionic size, hydrated simd hydration strength, the selectivity
sequence will change depending on pore size. Pphenomenon was shown and
discussed specifically for fluoride and chlorideyaously on Figure 6-7, where there was
a swap in sequence R = 4.310° m, due to fluoride being sufficiently small to ifitto

the pore without dehydrating, but chloride stileded to partially dehydrate which lead
to a higher barrier for chloride than fluoride. i§lsame concept results in the changes in
selectivity sequences for all ions and all poresidiscussed here.
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Table 6-8. Energy barriers determined for each iorat each pore radius. Error for
molecular dynamics results is estimated to be + Ok&al.mol™.

Effective Pore Energy Barrier (kcal.mol™)

(Tgﬂ; lﬁ) Highest Lowest
2.51 NG, (s0) > F (57.1) >  NO, (35.3) > Cl(43.2)
2.81 F (46.9) > NOs (40.0) > NO, (39.3) > C1(34.0)
3.06 F (47.7) > Cl (41.1) >  NOj (32.5) > NQ (28.4)
3.32 F (27.4) > Cl (21.3) > NO, (11.1) > NQ (6.5)
3.52 F (16.4) > Cl (12.1) >  NO, (5.7) > NQ (2.3)
3.72 F (10.6) > CI (8.5) > NO, (4.0) > NQ (1.6)
4.02 F (8.6) > Cl (7.8) > NO, (2.2) ~ NO; (2.1)
4.33 CI(7.7) > F (5.7) > NO, (3.0) > NG (1.3)
4.72 F (6.4) > Cl (5.2) > NO, (1.0) > NG (0.3)
5.32 F(3.3) ~ Cl (3.1) > NO, (0.7) ~ NO; (0.7)
6.53 F(1.7) ~ Cl (1.4) > NO, (0.4) ~ NO; (0.2)

Figure 6-8 showed that maximum energy barrier dégeron pore size in three regimes
determined by ion properties. These results cafuttker corroborated by considering
the coordination numbers, as shown in Figure 6-Bichv confirm that the barriers
obtained are due to dehydration. Figure 6-9A shavesage coordination number in the
center of the pore versus effective pore radiir the smallest pore sizes, where energy
barriers are highest, fluoride and chloride formirggle chain with water molecules on
either side, making the coordination number limitedwo inside the pore. As the pore
size increases, more water molecules are abld tosfde the pore with the ions in all
cases. At pore sizes larger than the hydrated o&adhe ion, the coordination number
does not change as the maximum number of watercuele are associated with the ion,
independent of being in the bulk water or in theepoFigure 6-9B shows the direct link
between the energy barriers and the dehydrationinegtjfor each ion. At the smallest
pore sizes, where the most dehydration is requtredratio of the coordination number
in the pore to coordination number in bulk is tbevést, and consequentially the energy
barrier is the highest. This is the case forailbievaluated, although the actual values of
course depend on the ion properties. This confiimas the energy barriers obtained are

due to varying degrees of dehydration.

Further support that barriers are due to dehydragoshown in Table 6-9. Here, the
average interaction energy of each ion with theewatolecules within its first hydration
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shell is reported when the ion is located in theteeof the pore. As pore size increases,
the attractive (negative) interaction force incesags more water becomes available. The
interaction energies reach the same value as diullifferent pore sizes according to
the ion properties. As these results are avenatgeaiction energies, they do not include
entropic contributions and thus cannot be directiynpared to the free energy barriers

but they do support that dehydration is important.
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Figure 6-9. Coordination numbers CN) for each ion. (A) is coordination number in
pore versus effective pore radiusRg); (B) is maximum energy barrier versus % of
total coordination as defined by averag€N in pore divided by averageCN in bulk.

Table 6-9. Average interaction energy (kcal.mdi) of each ion with the water
molecules within its first hydration shell when loated in the centre of the pore.

Effective Pore Size Average Interaction Energy (kcal.mol%)

(10 m) Chloride  Fluoride Nitrate  Nitrite
2.51 -32.6 -48.9 -- -23.8
2.81 -32.2 -48.2 -28.2 -27.3
3.06 -31.8 -66.9 -32.6 -39.8
3.32 -49.6 -83.8 -40.6 -55.6
3.52 -56.2 -95.5 -49.3 -68.2
3.72 -68.2 -111.0 -60.3 -79.0
4.02 -72.4 -113.2 -62.7 -80.6
4.33 -74.6 -116.9 -64.1 -81.8
4,72 -77.1 -124.4 -65.8 -81.0
5.32 -83.5 -123.5 -64.8 -84.6
6.53 -83.7 -123.3 -68.5 -84.4
Bulk -83.9 -121.7 -68.7 -83.7
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Finally, the effect of partial ion dehydration isrdonstrated visually using a probability
density function of water around each ion in theteeof the pore (Figure 6-10). Each of
the regimes can be seen here. The first regiraleag/n in Figure 6-10B where the water
surrounds the chloride ion in the pore. The secmwime is shown for chloride and

nitrate (Figure 6-10A and Figure 6-10D, respectiyelhere the ion must be partially
dehydrated to enter the poe(Rion < Retf < Rnyg) and the ion forms a single chain with
water on either side. The final regime, whers difficult for the bare ion to fit, is shown

in Figure 6-10C. Here the area that the watehe gore fills is smaller than nitrate,

highlighting the unfavorable nature of this regime.

Bv W
coii®

Figure 6-10. Water around the selected ion at theenter of a pore as represented by
isosurface plots of the average water density. (Ahows chloride atRg; = 3.310°m
(Regime 2); (B) shows chloride aRg; = 4.7-10'° m (Regime 1); (C) is nitrate atRe =
2.810'%m (Regime 3); (A) is nitrate atRgr = 3.310'° m (Regime 2).
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6.8 lon Transport Including Charge I nteractions

Most NF membranes contain charged groups on thebmzera surface, rather than being
neutral, which influences ion rejection through rgea repulsion. To compare the
importance of ion dehydration with the better chtgazed mechanism of charge
repulsion, additional simulations were conductethvé repulsive charge (-0.1 C3n
evenly distributed on the top surface. The magitaf these charges was chosen to be
greater than that expected in most NF situatioygdal range from approximately -0.05
to +0.01 C.rf) [283] as to compare dehydration with charge rgipal in an extreme
case. For reference, a zeta potential measureshe®® mV, which is approximately the
value for NF membranes NF90 and NF270 above apmately pH 12 (Chapter 3.2.4),
is -0.01 C.nif (method of unit conversion in [302)).
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The effect of surface charge on free energy p®ideshown in Figure 6-11. The figure
shows the free energy profile for fluoride along #axis through the center of the pore.
The inclusion of negative charge on the top surfleck to a higher energy barrier
compared to when charge was not considered. TFhimadst likely caused by direct
charge repulsion occurring between the negativeaseirand negative fluoride ion, but
could also arise from interactions between watel the charged membrane or entropic
changes. However, even though charge contributeddoeasing the energy barrier, it is
important to note that dehydration remained the idant effect. The contribution to
dehydration on Figure 6-11 is the same as the Hiast of the free energy profile for
fluoride (-15 <Z < 0) shown on Figure 6-7. At the smaller pore g« = 3.310° m)
charge contributed 14% to the maximum free eneddy kcal.mof* of a total barrier of
31.6 kcal.mot) and atRer = 4.310"° m, charge contributed 20% to the maximum free
energy. Charge had a larger relative effect at ldrger pore sizes, because the
contribution of dehydration to the total energy rlear was less. These results are
important as they demonstrate that dehydration iresnthe dominant barrier to ion

transport as compared to charge repulsion.
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Figure 6-11. Decomposition of free energy profile ith a surface charge of -0.1
C.m* (applied to top membrane surface only) for fluorice with (A) Res = 3.310
%m and (B) Rer = 4.310° m (center of pore isZ = 0).

An additional simulation was conducted to assessrtpact of the distribution of charge
on the surface of the pore. The results on Figet& Gad charge distributed only on the
top membrane surface. Figure 6-12 shows the ingdfaadding charge inside the pore as
well. As expected, the presence of charge insidgbre increases the energy barrier due
to increased charge repulsion. However, dehydragorains the dominant barrier to pore
transport and key to understanding transport mesiren
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Figure 6-12. Free energy profile with a surface chige of -0.01 C.n¥ applied to
top membrane surface only and the top surface witlthe inside of the pore for
fluoride with Re = 3.3:10"° m (center of pore isZ = 0).

6.9 Relevanceto Real Membrane Systems

While these MD simulations are an extremely valeatdol in understanding ion
transport, the model cannot exactly replicate a pife or membrane. The pore
representation used here did not account for pae distributions, tortuousity and
functional groups on the membrane surface. It maant to be a generic representation
of a pore that could thus be used for a numberppii@ations such as NF, carbon
nanotubes, and biological pores. Experimentalengd of dehydration occurring during
ion transport in a NF membrane is yet to be systieally demonstrated but will provide
a complementary and significant step forward inearathnding this mechanism. The
next chapter in this thesis (Chapter 7) aims temeine energy barriers experimentally
using commercial NF membranes in order to gainralcation of the comparison of
results obtained with this model to real membrarstesns.

6.10 Conclusions

This chapter described MD simulations that wereduse examine the hydration of

monovalent anions relevant to drinking water paafion (fluoride, chloride, nitrate,

185



Chapter 6. The Importance of Dehydration in Det&ing lon Transport

nitrite) as they transport through nanopores t@r@ne its importance in this process.
Three key conclusions can be drawn from this woFRKrstly, energetic barriers were
strongly dependent on pore size. Energy barrienewot linearly correlated with pore
size; instead, there were three distinct regiméate@ to the required dehydration.
Transport was strongly hindered when the size efpbre was smaller than the hydrated

radius.

Secondly, energy barriers depended on ion type lt@nde hydration properties) and the
selectivity sequence amongst the ions can changendeng on the pore size. In general,
the transport of small, strongly hydrated ions (swas fluoride) was much more
energetically expensive than for larger, less gfiyohydrated ions (such as nitrate) due to
the required dehydration unless the pore is lattggem the size of the hydrated iofhis
could have important implications in utilizing tlkigferent barriers in order to separate
different types of ions, which is especially exwmitifrom the perspective of removing
contaminants other than sodium chloride in seawdt=alination. Further work is
ongoing to pinpoint the pore sizes that enablebist discrimination between the ion
types studied, although the issue is complicateelnwgolar groups are present in the pore

walls.

Thirdly, and most importantly, these results showed dehydration was the main barrier
to ion transport in the narrow pores. In particulgartial dehydration was the main
determinant of the energy barriers for small, giiprhydrated ions whose hydrated
radius is larger than the pore size, even whengehaepulsion is considered. This
explains, for example, why fluoride is rejectedrbgmbranes with pore sizes greater than
the ionic radius of fluoride. Demonstrating thia¢ forocess of hydration/dehydration is
important in NF will encourage future models to drorate these interactions. By
providing a systematic and novel insight into tbke of ion dehydration in pore transport,
these results are significant in understandingraaiselectivity in biological channels as
well as desalination and removal of various drigkimater contaminants with NF. This
work provides the theoretical evidence for dehydrabccurring as a NF mechanism,

and the next chapter (Chapter 7) will aim to shhis &xperimentally.
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MD simulations applied to pore transport in NF stda be developed in a number of
ways. It would be particularly interesting to usech methods to understand boron
transport, however, complete parameterization ofotospecies is first required.
Additionally, further developing the pore represginn to thoroughly account for
membrane characteristics such as charge, polardyfunctional groups would be very

valuable. It is hoped that some of these aims lanachieved in future work.
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Experimental Determination of Energy Barriers
to lon Transport

Using MD simulations, Chapter 6 showed that flueridhloride, nitrate and nitrite can
partially dehydrate when they transport through noav pores according to ion type and
pore size. This chapter endeavours to show thee sffect experimentally. This is a
very challenging undertaking due to limitationswhat can be measured experimentally
(for example it is not possible to measure the &idn structure of an ion as it
transports through a membrane pore). However, ftéise designed experiments were
undertaken using real NF membranes in an attempgxeerimentally verify the MD

results which suggested dehydration as an impottanisport mechanism.

The results obtained in this chapter showed thargyn barriers can be determined
experimentally for anions in a crossflow systemuokde, chloride nitrate and nitrite

face different energy barriers in the range of Z7-kcal.mof according to ion type and

membrane type. Fluoride had the highest retenéiod energy barrier for both NF90
and NF270, which can be explained by its compagétistrong hydration energy and not
by size exclusion based on either bare ion or hiydraadius. Besides fluoride, which
clearly had a larger barrier than the other solutefferences in energy barriers for the
other solutes were difficult to distinguish outsiolethe error range. Experimentally-
determined energy barriers are within a factor ofif when compared to previous MD

simulations that demonstrated barriers in idealizedindrical pores were due to ion
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dehydration. The results obtained provide noveleexnental indication of dehydration
as an important NF mechanism and suggest that NHetaowould be improved by

considering solute hydration.

7.1 Introduction and Objectives

The transport of water and dissolved solutes thmobigF membranes is substantially
hindered because membrane “pores” are similar ¢oidhic and/or hydrated size of
solutes. This hindrance means that any moleculdage an energy barrier which must
be overcome if transport through the membrane igcttur. Any mechanism(s) which

affects transport contributes to this net energyida As reviewed extensively, accepted
mechanisms include size exclusion [77, 105, 106grge interactions (including

maintenance of electroneutrality) [98, 109, 1113,1143, 198], sorptive interactions
[134-136], diffusion [76, 118-120] and hydrodynarmfiluences such as convection [94,
198]. However, other, less-established mechan{sonsh as the possible dehydration of
solutes during transport through the membrane [126, 130, 303]), if important, will

also contribute to the net barrier of transport.

As demonstrated in Chapter 5 and 6, not all NF Wena can be explained by the
commonly-accepted NF mechanisms, such as the btghtron of fluoride compared to
nitrate [139, 283]. The proposed hypothesis ig th& selectivity may be due to
hydration properties (hydration strength and siaedl the process of ions becoming
dehydrated while transporting through the membrafie26, 129, 130, 303]. The
transport of solutes in NF has been previouslyetated with hydrated size and
hydration energy [77, 100, 125]. Molecular dynanstmulations in idealized, narrow
cylindrical pores (radius 2.5 to 6:50"° m) discussed in Chapter 6, have highlighted that
dehydration is the main contribution to energy ieasr of anionic transport [303], and
similar dehydration may be important if ions aresgiving into a porous or non-porous
dense material. Partial or full dehydration ofodute during transport would reduce the
effective size of a solute and thus directly impsze exclusion, diffusion and convection
mechanisms. This hypothesis will be tested by exmtally determining energy

barriers and linking them with dehydration trends.
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Energy barriers can be overcome by any driving prgiven that the driving force
provides sufficient energy to overcome the barrién. NF, directional driving forces
include pressure and flow (primarily driving contien) and concentration (primarily
driving diffusion [76, 118-120]. Temperature prd@s a non-directional driving force.
An increase in system temperature increases diffusiecause molecules at higher
temperature have more internal energy. By incngasnergy, the proportion of solutes
with energy greater than the energy barrier ofgpant is significantly higher, so the
overall solute transport increases. In additionntreased diffusion, increase in ion
transport with temperature is usually explainedabgeduction in solvent viscosity, an
increase in polymer chain mobility, or changes orepsize/membrane structureg(
swelling) [136, 183, 185-187]. Temperature isfibaus of this chapter because it allows

for the quantification of energy barriers usingstard techniques.

The standard technique to quantify energy barnemith the Arrhenius relationship,
which describes the temperature dependence of watesolute transport, via

In(k) = In(A)—(E—R"" [—l_%j Equation 39

wherek is solute flux (mol.H.m?), A is a pre-exponential factoR is the gas constant
(kcal.mol*.K™?), T is temperature (K) ant, is the energy barrier or activation energy
(kcal.mol*) [78]. The slope of a linear plot of k)(versusT ™ gives the energy barrier,
E.. The direct inputs from experimental measuremergskand T, andE, andA are
parameters from the linear fit. The main assummgtim this calculation are that (1) the
process follows Arrhenius behaviour (validatedhé tplot is linear) and (2) that the
determined energy barrier is a net effect from ahtributions. Energy barriers
determined with the Arrhenius relationship for trensport of water and various solutes
through membranes and dense films have been repdri8, 119, 184, 186, 188-193],
with varying objectives ranging from mechanistic gactical considerations of high

temperature processes. These were discussed ail metChapter 2.3.6. However,
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energy barriers in membranes have not yet beeredirtk dehydration, which is the

primary goal of this chapter.

The research objectives are to (1) determine thextbaty of monovalent anions using
energy barriers and relate selectivity to hydrgti@) quantify energy barriers using the
Arrhenius relationship for different ion types (aod fluoride, sodium chloride, sodium
nitrite and sodium nitrate) and membrane types (NB&d NF270); and (3) link
experimental energy barriers with results from roolar dynamics simulations indicating

the dominant impact of dehydration.

7.2 Experimental Summary

The crossflow system was described in Chapter &iddused for all experiments in this
chapter. Membranes (NF90 and NF270, see next mglagwere compacted for at least
one hour (or until pure water flux stabilized) &tldar. The system was operated at a feed
flow of 2 L.min™ (recirculated) and pressure was varied from 3,8, 11 bar for each
temperature of 15, 20, 25, 30 and 35 °C. The s&dakion consisted of 0.1M single salt
(NaF, NaCl, NaN@ NaNQ, Fisher Scientific, purity on Table 3-11) in M water
with no pH adjustment (pH 6.2). For the ease tdremcing, the properties of ions are
shown in Table 7-1, which is a consistently-defiiset of values for these ions. Samples
(25 mL, with the first 5 mL discarded in order tosare that the sample line had been
flushed from the previous sample) were collectammfrfeed and permeate after 30
minutes at a given operating condition. Nitratd artrite were analyzed using a nutrient
analyzer (Lachat QuikChem 8500, USA, Chapter 3,4l@dride using an ion selective
electrode (Metrohm, UK, Chapter 3.4.2), and chieridsing ion chromatography
(Metrohm 883 Basic IC Plus, UK, Chapter 3.4.8).
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Table 7-1. lon properties (ionic radius, Stokes radis, hydrated radius, hydration
free energy and bulk diffusion coefficients) for eah ion.

Parameter Fluoride Chloride  Nitrate Nitrite Sodium

'(fig_'foga)g'us’ ™ 13[80]  1.8[80] 3.0[303] 3.0[303] 1.2[80]
(sltgll(c()ersn)Radlus, dRkes 1.7 [82] 1.2 [82] 1.3 [82] 1.3 1.6 [83]
(nglgarf)g Radius, i 3 41303]  3.8[303] 5.1[303] 5.0[303] 2.4[83]

Hydration Free
Energy (kcal.mot)
Diffusion Coefficient
in Bulk Water at 1.46 [78] 2.03[131] 1.90[131] 1.91[315] 1.33f31
25°C (10° m%s?)

-119.7[83] -89.6[83] -73.1[90] -81.0[90] -8g93]

2 For nitrate and nitriteRon = bn-o (1.2210™° M) + Rion oxygen(1. 7710 m)
®For nitrate and nitriteRnyq = by.o (1.2210° m) + RDFy, (base of the first peak in the
radial distribution function of oxygen)

Commercially available NF membranes NF90 and NKPXv Filmtec) were used. Full
characterization information was provided in Cha@tand a relevant summary is shown
in Table 7-2. The two membranes were selectecktoflsimilar effective pore radius to
the hydrated radius of the solutes of interestr é&g@ample NFOO and NF270 have an
average effective pore size very similar to therhigt radius of fluoride and chloride,
and smaller than the hydrated radius of nitrateratrde. BW30 was not used because it
is tighter than NF90 and a larger effective pore svas desired in order to obtain larger
differences in retentioreg. retention for all solutes would be expected tovbey high
and thus difficult to distinguish for BW30). Chaterization (effective pore radiuByore,
and the ratio of membrane active layer thicknessiity, L.¢) was obtained by using
the hydrodynamic model [36, 105] and methodologgescribed previously [216, 304].
NF270 is a much smoother membrane than NF90 (Ch&p®6). Temperature
dependence of effective pore size was determinied) uglose only for NFOO and NF270
by conducting experiments at 15, 20, 25, 30, 35di@usion coefficients used in the
fitting method [216, 304] were adjusted for tempera).
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Table 7-2. Membrane characterization.

Effective Average Active  Average Average Membrane
M Pore Radius Layer Thickness: Active Layer =~ charge at
embrane . . : Porosity Ref.
(Roore, Porosity Ratio  Thickness 0%\ pH 6.2
10°m)? (Lel, 10°my (L 10°my ) (eq.ni®)
[283,
NF90 3.4 1.46 1740 11.9 -502 304]
[283,
NF270 3.8 1.01 350 3.3 -170 317-
319]

4Uncertainty is estimated to be + 5% for both ofsthétted parameter8Averaged from the
literature (references as in final columf@alculated from experimentally determined™ and
active layer thickness reported in literatitdeasured streaming potential converted to charge
density by method in [302].

Real retention was corrected for concentration naton as described in Chapter 3.5.
Energy barriers were calculated in three steps.e Titst step was that for each
temperature, solute flux was plotted against ctoecbgressure (applied pressure —
osmotic pressure) and a line was fit to the pldthe second step was to make an
Arrhenius plot of the natural log of the y-intert&b each solute flux fit versus inverse
temperature. The third step was to determine ldesof the Arrhenius plot which is the
energy barrier. Uncertainty was calculated asrdest in Chapter 3.5.2. Results were

compared to the MD simulations described in Chafter

7.3 Selectivity of Monovalent Anionsin NF

The first question was to assess the selectivitpafovalent anions in NF and determine
how this can be lined to energy barriers. Figug Shows retention corrected for
concentration polarization for each ion with NF3@aNF270. Retention increases with
pressure for all ions and for both membranes. neneiase of retention with pressure has
been observed a number of times [37, 107, 140Jisuattributed to higher water flux at
higher pressure, leading to lower permeate conatmir and higher retention [107].
High selectivity exists between anions for both rbesnes. Similar ordering of the
retention of monovalent anions with NF has beenentesl previously (retention of
fluoride > chloride [242]; retention of fluoride mitrate [283]; retention of fluoride >
chloride > nitrate [139]; retention of sodium chdte > sodium nitrate [106, 107, 136] but

trend was opposite for a different membrane in same study [136]). The highest
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retention (fluoride) means that the transport obfide has the highest associated energy
barrier because transport through the membrareimbst “difficult”. Evaluation of the
relative contributions of convection, diffusion aeléctromigration using the Nanofiltran
program [164] predicted that diffusive transportrosgly dominated the other
mechanisms under the conditions of these expersanehlote that all calculations are
based on the anion concentrations since the awmi@mo() is the limiting species that

determines overall electrolyte transport throughribhgatively charged membrane.
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Figure 7-1. Retention corrected for concentration plarization at 25 °C for each
anion (as sodium salt, 0.1M in MilliQ water) at pH6.2 for (A) NF90 and (B) NF270
using crossflow filtration.
There are a number of potential explanations fr ¢ihdering that should be considered.
The size of thdareion does not explain why fluoride retention is hegh as fluoride is
the smallest bare ion (see Table 7-1) yet retensidhe highest. The size of thgdrated
ion does not explain the ordering, as nitrite aitchte have the largest hydrated radii but
their retention is comparatively lowsStokegadius does not explain the selectivity either.

Although fluoride has the highest Stokes radiustaigtest retention, chloride, nitrite and
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nitrate have very similar Stokes radius and thus plarameter is unable to distinguish
sufficiently. Diffusion coefficients also do nat@ain the selectivity, as chloride has the
highest diffusion coefficient so retention would é&epected to be lowest in the tightest
membrane where diffusion is most important, bus tivas not observed. Note that
Stokes radius and diffusion coefficients are thespecific inputs into the hydrodynamic
model [164, 198], and neither of these adequatelcubes the observed behaviour.
Simple charge exclusion does not explain the selggtbecause each ion has an equal
net charge of -1, so this parameter cannot cos#felction (differences in charge density
or where the charge is located on the ion will drespecific but net charge remains the
same). Differences in Debye length are expectdaetemall because they will only be
due to concentration/ionic strength in the boundamger resulting from the different
ionic permeabilities€g.a 20% increase in concentration leads to a 9%edserin Debye
length). This shows that none of the well-acceptexthanisms is sufficient to describe

this behaviour.

lon dehydration will be considered as an alterraatplanation. Dehydration, in this
context, refers to the process in which an ionocdd to become partially or fully
dehydrated in order to transport through the menwararhis could occur as a result of
limited space availability (when the pore sizenga#ler or similar to that of the dissolved
solute) and is due to forces on the ion drivinghiough the membraned. pressure,
concentration gradient, temperature, convectidhilehydration was occurring, retention
and transport trends would correlate not with radia defined either by fully hydration
in bulk, nor the bare ion. Rather, the effectiadius that controls transport would be
somewhere in-between, according to the amount ofydtation required. Further,
retention and transport trends would correlateyurdttion strength (as is observed with
fluoride). Thus, hydration free energies and eegcgrequirements for transpord.
energy barriers) may be a better descriptor forsjpart than other mechanisms. In order
to test this hypothesis, energy barriers must bengfied. The relationship between
solute flux, temperature and pressure will be deied so that the Arrhenius

methodology can be used to quantify barriers.
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7.4 Solute Flux asa Function of Pressure, Temperature and Anion Type

In order to obtain energy barriers, first the intpaictemperature and pressure on solute
flux must be determined, as shown on Figure 7-Zlfmride. Solute flux increases with
pressure and temperature as expected. Soluteirfltreases with pressure due to
increased convective flow. Solute flux increasdath wemperature due to increased
diffusion and changes in nanostructure morphold36] 183, 190, 320]. The same
process was repeated for all ion types and both breemes (data shown for fluoride in
both membranes). One condition was used (7 ba2&rfcC) to compare anions type, as

shown on Figure 7-3.

Figure 7-3 shows that solute flux is inversely tedbto retention (and hence an ion with a
low solute flux faces a large energy barrier). us®flux depends on ion type. For NF9O0,
the solute flux sequence is fluoride (0.3 + 0.04.mbm™) < chloride (1.3 + 0.1 mol:h

' m?) = nitrate (1.2 + 0.1 mol:hm?) < nitrite (2.6 + 0.2 mol.h.m?). For NF270, the
sequence is fluoride (1.9 + 0.15 mal.m?) < chloride (2.8 + 0.2 mol:-hm?) < nitrate
(7.7 + 0.4 mol.H.m? < nitrite (13.2 + 0.7 mol;hm?. Now that solute flux as a
function of temperature, pressure, and ion typeknswn, energy barriers will be

quantified according to the Arrhenius expression.
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Figure 7-2. Solute flux versus applied pressure fdluoride (as sodium salt, 0.1 M
in MilliQ water, pH 6.2) with (A) NF90 and (B) NF270 using crossflow filtration.
Error bars have not been included for clarity but ae shown on Figure 8-3 and
estimated to be + 0.04 molhiim? and + 0.15 mol.i*.m™ for NF90 and NF270,
respectively. Note that the scales are differenbf the membranes because of the
different magnitude of solute fluxes.
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Figure 7-3. Solute flux of fluoride, chloride, nitite and nitrate (as sodium salts,
0.1M in MilliQ water) at pH 6.2, 25°C and 7 bar.

7.5 Quantifying Energy Barriersfor the Transport of Monovalent Anions

in NF
In order to quantify energy barriers for anioniansport in NF, Arrhenius plots were
created for each ion and both membranes (Figure 7=hergy barriers depend on ion
type and membrane type as expected from retentidrsalute flux results. Fluoride (the
most strongly hydrated ion) has the highest enbagyier, for both membranes, with the
following trends. For NF90, the order of energyriaas is fluoride (17.0 + 2.2 kcal.mol
) > chloride (9.6 + 1.3 kcal.md) = nitrate (10.2 + 1.3 kcal.md) = nitrite (11.0 + 1.2
kcal.mol). For NF270, the order is fluoride (14.3 + 1.@&kmol™") > nitrite (11.1 + 0.9
kcal.mol%) > chloride (8.0 + 0.6 kcal.md) = nitrate (7.0 + 0.6 kcal.md). Conceptually
it makes sense that fluoride has the largest wdsgeause transport is the most hindered
and thus fluoride has the lowest solute flux. Hl® clearly has the highest batrrier,
which shows that energy barriers can explain they vagh retention of fluoride
compared to the other solutes, a trend that cabeatxplained by other properties or
parameters. Differences in the energy barriensét chloride, nitrate and nitrite cannot
be adequately distinguished (outside of error)eestly for NF90. The energy barriers
obtained here are comparable to other barriersrtegppan the literature for the transport
of sodium chloride and sodium nitrate across tiim tomposite membranes [136] and

sodium chloride in various membranes (between Adt ¥ kcal.mot) [118]. In ion
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channels, the transport of chloride in a biologichloride channel was 4 to 4.5 + 2

kcal.mol* [321] and 2 to 3 kcal.mdlfor potassium in a KcsA potassium channel [322].

The energy barriers for the different membranes lmarcompared. Solute fluxes are
smaller and energy barriers larger for NF90 (tighteembrane) than NF270 (looser).
Higher water flux in NF270 leads to higher solukexfwhich leads to lower energy
barriers when compared to NF90. Membrane chaiatibsr such as pore size
distributions, charge, porosity and surface roughnall may also contribute to the
differences between NF90 and NF270. For exampie,surface of NF90 is much
rougher than NF270, NFO0 has a higher thickneg®tosity ratio than NF270, NF90 is
more hydrophobic than NF270, the surface of NFOn@e negative than NF270 at
neutral pH, and the chemical compositions and fanat groups of the two membranes
are different. Each of these characteristics walhtribute to the net energy barriers

determined and the specific effect of one membcdaeacteristic cannot be isolated.

Energy barriers represent tlowerall energetic expense of ion transport, including all
membrane effects (pore size, material, surfacegehaetc), all operating conditions
(pressure, flow, concentration, solution chemisteyc), all energetic contributions
(entropic, enthalpic) and the specific solute. ldeer because the barriers on Figure 7-4
were extrapolated to a “zero pressure” point, cohea is not playing a role nor are
differences in ion concentrations resulting frorm@entration polarization. These results
suggest that energy barriers may be due to dehgdra¢cause the order of barriers is not
consistent with other mechanisms such as size grdbased on either bare ion radius
or hydrated radius or simple charge repulsion ésialt ions have same net charge and
should see similar barriers). Further, the orddvasriers is consistent with dehydration
because (1) fluoride has the highest barrier faah bmembranes and (2) the tighter
membrane (NF90) has higher barriers.
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Figure 7-4. Arrhenius plots for anions (as sodiunsalt, 0.1M in MilliQ water) at pH
6.2 for (A) NFOO and (B) NF270 using crossflow fitation. Each plotted value is the
extrapolated y-intercept of a plot of solute flux ersusApressure (applied pressure —
osmotic pressure) for temperatures 15, 20, 25, 3@@& 35 °C. Energy barrier E,) is
the slope of the Arrhenius plot. Error bars of eab individual data point are not
included for clarity but the propagated error for E, is shown.

Next, energy barriers were quantified at each pres@-igure 7-5), rather than from the
extrapolated “zero pressure” point. Increasingsguee leads to increasing convection
and increasing concentration polarization at thenbrane surface. The energy barrier
for fluoride decreases with pressure, which is eisfig notable for NF90. This suggests
that pressure/convection/concentration polarizatieduce the barriers. In face, at
pressures > 5 bar, the dependence of energy Isarolerion type becomes non-

distinguishable in NF90. If barriers are indee@ do dehydration, these results suggest
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that operating conditionseg. increasing pressure and concentration) make datigdr
more likely for some ionse@. fluoride) since the barriers are decreasing witbsé
parameters. Pressure had a less influence on yerengier for NF270 which is
consistent with the fact that this is a more opemiorane.
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Figure 7-5. Energy barriers calculated directly ateach pressure for (A) NFOO
and (B) NF270 with 0.1M single sodium salt in MillQ water at pH 6.2 and
from temperature 15 to 30 °C.

The effect of temperature on membrane properties thvan assessed (Figure 7-6) in
order to understand how changing membrane propewtith temperature may affect

energy barriers. The effective pore radius ande pwater flux increases for both

membranes with temperature. Increase in porevgitetemperature has been observed
before and is attributed to changes in polymer cstne [183] €g. polymer

expansion/swelling). The increase in pore siz& watnperature is inherently included in
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the Arrhenius calculations because energy barrserdétermined by temperature
dependence. The increase in pore size with termyeraesults in the energy barriers
guantified in Figure 7-4 and Figure 7-5 being dligher-estimates. Quantification of the
impact of the increase in pore size with tempeeatur energy barriers is currently being

examined and will be included in future publicasanf this work.

45 T T T T T T T T T
< (A O NF270
- O NF90
(%2}
>
=
g 40r -
9 %
o %)
g I ]
(8]
2
8 35 %3 -
=
L
14
30+t -
(B O
> 20 | O A
= 9
8 a0
€ = 151 O -
5 8 =
o« O
g = O
c;cs = 10~ o i
v E O
3 N—r
a 5L 4
iy
0 1 | 1 | 1 | 1 | 1 |
10 15 20 25 30 35

Temperature (°C)

Figure 7-6. (A) Effective pore radius (R¢) and (B) pure water permeability
(Lp) for NFOO and NF270. Error on pore size was deterined by the carrying
out propagated errors through the calculation optimzation procedure. Error
bars on L, are not included because they are small (approxinely + 2%),
however variation in flux from different batches of the same membrane can
be > 10 %.
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7.6 Comparison of Experimental Energy Barrierswith MD

In order to interpret the energy barriers, the expental energy barriers are compared to
those obtained using molecular dynamic simulatio&sergy barriers determined with

MD simulations showed that dehydration was the dami energetic cost of transport for
these ions in an idealized, cylindrical pore [308nergy barriers from experiments are

compared to MD simulations on Table 7-3.

Table 7-3. Comparison of energy barriers determinedexperimentally and with
molecular dynamics simulations [303, 323]. Errordr molecular dynamics results is
estimated to be + 0.6 kcal.mdl.

Effective Pore Energy Barrier (kcal.mol™)
(Tgijol l#s) Highest Lowest
Membrane
NF90 (3.4) F(17.0+22) > CI'(9.6+13) = NO3;(10.2+13) = NO, (11.0%£1.2)
NF270 (3.8) F(143+16) > NO,(11.1+0.99) > CI (8.0+0.6) =~ NO; (7.0+0.6)
MD Simulation
251 NG () > F (57.1) > NO, (35.3) > Cl1(43.2)
2.81 F (46.9) > NOjs (40.0) > NO, (39.3) > C1(34.0)
3.06 F(47.7) > Cl (41.1) > NO; (32.5) > NQ (28.4)
3.32 F(27.4) > Cl' (21.3) > NO, (11.1) > NQ (6.5)
3.52 F (16.4) > Cl (12.1) > NO; (5.7) > NQ (2.3)
3.72 F (10.6) > Cl (8.5) > NO, (4.0) > NQ (1.6)
4.02 F (8.6) > Cl (7.8) > NO; (2.2) ~ NO; (2.1)
4.33 Cl(7.7) > F (5.7) > NO, (3.0) > NG (1.3)
4.72 F (6.4) > Cl' (5.2) > NO, (1.0) > NG (0.3)
5.32 F (3.3) ~ Cl' (3.1) > NO, (0.7) = NO; (0.7)
6.53 F(1.7) = Cl' (1.4) > NO, (0.4) = NOs (0.2)
MD Weighted Averages (based on log-normal distribubn around experimentally determined effective
pore radius)
3.4, distribution F(24.6) > CI (19.8) > NO; (18.2) > NQ (13.7)
3.8, distribution F(16.1) > Cl (13.4) > NO;s (8.6) > NQ (7.9)

Experimentally-determined energy barriers are witla factor of four of barriers
determined from MD simulations based on dehydratibor an effective pore radius of
3.3210% m (similar to NF90), the order of MD barriers whride (27.4 kcal.mat) >
chloride (21.3 kcal.mdl) > nitrite (11.1 kcal.mat) > nitrate (6.5 kcal.mdi). For an
effective pore radius of 3.700° m (similar to NF270), the order was fluoride (1R
kcal.mol*) > chloride (8.5 kcal.md) > nitrite (4.0 kcal.mot) > nitrate (1.6 kcal.md)).
Ordering in MD models results from ion properties(size, hydrated size, and hydration

strength) and is due to the requirements for pgadehydration when an ion is
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transporting through the cylindrical pore. The rags in ion order with pore size is
directly attributable to ion properties and the yiag degrees of partial or full
dehydration required for the ion to fit in the poré&/hen a weighted average is taken of
MD results (assuming a log-normal pore size distrdn), energy barriers are notably
comparable to what was observed experimentallyefdifice of < 10 kcal.md in the
worst case) and ordering matches experimental treten This comparison further

supports that experimental barriers may be atebt dehydration.

There are a number of differences between MD sitiomia and a real membrane, which
must be mentioned in order to put the comparisdn context. Firstly, pore size
distributions were not modelled. Pore size strpmdlects dehydration requirements and
the ordering of ions. When there are a fractioparfes of different sizes these will all
contribute to the net energy barrier measured éxjeatally and thus it is not expected
that values or trends would match up exactly to Wiues from one pore size. In order
to compensate for this, a weighted average of piaes over a distribution was taken and
this is a more realistic representation of an dcimnambrane. Another difference is
tortuousity, as simulations use a generic reprasent of an ideal cylindrical pore.
However, the largest energy barriers would be ebepgetm occur at the narrowest part of
a tortuous pore/void. Charge and polarity werecooisidered in the MD results reported
on Table 7-3, however negative surface charge wbeldxpected to increase energy
barriers with the main contribution remaining detagibn [303]. Functional groups are
also not considered in the MD model. Functionaugis will affect interactions as the
ion nears the membrane surface and may be eittractate or repulsive (which could
decrease or increase the energy barriers accoyjlingtegardless of these constraints,
experimentally determined energy barriers seemoredde according to dehydration

barriers.

7.7 Energy Barriers Determined using Diffusion Cells

In an initial attempt to compare energy barriersawted with the crossflow system to
energy barriers obtained in a system without theapdiwations of flow and pressure,

energy barriers were also determined using diffusells. These results are included in
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Appendix B. The results from diffusion cells lageid not agree with those obtained
using the crossflow system. In particular, theultethat drew attention was the high
energy barriers of nitrate and nitrite as compaeefiuoride and chloride, which was not
expected either from crossflow results nor MD siatiohs.

Upon consideration, and unfortunately not until @tperiments had been completed, it
was realized that the mechanisms of the proceastt® idiffusion cell and crossflow are
fundamentally different, and cannot be meaningfaliynpared. In a diffusion cell, the
diffusion of the ions across thentire membrane is measured and the membrane layers
are essentially different resistors in series. alorossflow system, diffusion primarily
occurs in the active layer, and then the ions arghéd through the remainder of the
membrane along with the convective flow of wat&he active layer is extremely small
compared to the entire membrane thickness. Ewargththe support layer is much more
porous, the fact that it is so much thicker thaa #ctive layer leads to a substantial
amount of diffusion required for a solute to trams$pacross the whole membrane
thickness (which does not occur in the presencecarfvective flow). Therefore,
measuring diffusion across the entire membranéfinsibn experiments does not predict
what is happening in the membrane active layercamhot be compared with crossflow
results. It has been well documented that difiusexperiments using the whole
membrane are fundamentally inaccurate due to therwdelming resistance of the
support when compared to filtration experimentD}[1%24, 325], which is a reason that
diffusion cells have not been used much in receaty for gathering information on salt
transport mechanisms in for commercial NF/RO memdsa It is recommended that
diffusion cells not be used for determination oémyy barriers or for direct comparison

with results from any other type of filtration-bdsexperiments.

A recent study by Basoet al. [150] has demonstrated that the thin active lafethe

membrane can be separated from commercial membramed that transport
characteristics of this isolated layer are simitathose of the intact active layer within
the original composite membrane. Characterizirf(usion across the isolated active
layer is much more realistic to the diffusion whimtcurs during filtration than diffusion

experiments with the whole commercial membranewéi@r, there are still a number of
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practical issues that need to be addressed (susbpg®rting a thin film in a diffusion

cell and separating a sufficiently large sample)stzefore an isolated active layer could
be used to measure diffusion as used in this chapfehe area of characterizing
membrane active layers for transport properties loanexpected to progress rapidly

because of its clear relevance to understandimgpiat in real NF membranes.

7.8 Conclusions

In this chapter, it was demonstrated that high cteiey exists between monovalent
anions in NF which is not adequately explained layebion radius, hydrated radius,
Stokes radius, diffusion coefficients and chardgenergy barriers were determined in a
crossflow system in an attempt to explain ion del#g with regard to hydration
properties of the ions and dehydration requiremesftstransport. Experimentally
determined energy barriers depend on anion and maemlbype. Fluoride, which has the
highest hydration energy and smallest bare ion, $iad the highest energy barrier of
each anion studied for both membranes (17.0 + @a2rkol* and 14.3 + 1.6 kcal.mol
for NF90 and NF270). Energy barriers for NFOO ($enaffective pore size of 3.40°

m) were larger than for NF270 (larger effectiveepsize of 3.8.0*° m), suggesting that

transport is more hindered in the tighter membrane.

Energy barriers are partially attributed to dehtidrabecause: (1) ordering of barriers for
different ions is not consistent with other meckars such as size exclusion based on
bare ion size (which would have largest ion wittyésst barrier), size exclusion based on
hydrated ion size or simple charge repulsion @@isihave same charge and should see
similar barrier); (2) ordering of ions is considtevith dehydration (fluoride having the
highest barrier); (3) energy barriers determined exyrapolating the results to zero
pressure meant that convection and concentratianggs are not playing a role; and (4)
the magnitude of barriers is consistent with MD wdetions based on dehydration
(Chapter 6). Limitations in the comparison betwegperiment and simulation such as
pore size distributions, tortuousity, charge anacfional groups were discussed. These
results suggest that incorporating hydration effecto NF models would be beneficial
for model development. The final chapter in thesis (Chapter 8) summarizes the

conclusions of this research project and discusssss for future work.
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Conclusions and Future Outlook

The provision of safe drinking water is critical @n era in which the world’s
population is increasing rapidly but water suppliesmain scarce. One way of
addressing this problem is via the desalinationse&water or brackish water with
NF/RO membranes. However, the mechanisms by wbiates are retained in NF/RO
are not well-understood. Improvements in mechanistderstanding serve to provide
membrane designers, chemists, engineers and mdellth information which may
improve current technologies and optimize separatjgerformance. The most
important contribution of this research was the @loindication of ion dehydration
occurring as a mechanism which controls transpartNF, and it is hoped that this
work provides a basis for these effects to be po@ted into future membrane models

and design considerations.

In this final chapter, a review of the aims and mabnclusions of each of the main
subject areas are discussed. As this researchbkeas successful in answering some
very interesting questions, it has also raised maye. As such, suggestions for future

work conclude this thesis.

8.1 Conclusions

In summary, the overall aim of the work presentedhis thesis was to improve the

understanding of NF/RO, with the motivation tha¢ tiechnical knowledge obtained
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could contribute to solutions addressing the wavkter crisis. The work had four
primary sub-aims, and those were to examine: @ )p#rformance of renewable energy
membrane systems; (2) the impact of pH on inorganitaminant removal; (3) the
importance of ion hydration in determining trangpora generic nanopore; and (4) the
impact of ion and membrane type on energy barmelF. Specific objectives in these
areas were met with a combination of experimentsMb simulations. A brief of the

conclusions obtained in each of these areas follows

In Chapter 4, the research objective was to detexnhiow energy fluctuations and
groundwater characteristics (in particular pH) ciéel the performance of a RE-
membrane system tested during a previous fieldl ti@uring short-term experiments
(lasting < 12 hours), the renewable energy membsgsem reliably removed salts and
inorganic contaminants, given sufficient solar &lality, over a range of real energy
and pH conditions via convection/diffusion and fpé&ation mechanisms. During a
typical daily range of solar conditions, a numbesautes were well-retained 85%)
despite energy variation and subsequent changéevwn pressure, flux, and specific
energy consumption. Consequently, retention fautes such as fluoride, magnesium,
nitrate, potassium, sodium and total dissolved dsoliwere impacted where
convection/diffusion dominated retention. For véayge hydrated solutes (calcium,
strontium, and uranium), retention was very higk tlusize exclusion and no impact of
operating conditions was observed. The retentibm emumber of solutes (arsenic,
calcium, chloride, nitrate, potassium, seleniundiwm, strontium, and sulphate at Pine
Hill) was pH-independent between pH 3 and 11. Haweretention of other solutes
(copper, magnesium, manganese, molybdenum, nigkaatjum, vanadium, and zinc at
Pine Hill) varied as a function of pH, which somedis led to deposition on the
membrane surface and consequential flux declindhe pH-dependence of certain
solutes is dependent on the groundwater type, eiedpby nitrate and magnesium
demonstrating different behaviour with differentogndwaters. During periods of
severe energy fluctuations, the system shut off ratehtion dropped significantly to
unacceptable levels. Flux decline and decreasedorpe@nce during extreme
fluctuations have practical implications on systdetime which need to be thoroughly
considered with longer term evaluations. Overtdiese results demonstrate that,

provided sufficient availability of an energy resoe; photovoltaic driven membrane
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systems may be a viable solution for remote watptieations where contaminants that

are difficult to remove by conventional technolagysee a concern.

Having demonstrated the importance of pH in the oveah of selected inorganic

contaminants, a more detailed look at this speeifiect was warranted in Chapter 5.
The research objective of this chapter was to deter the relationship between
speciation and retention for boron, fluoride, anttate using six different NF/RO

membranes. Flux was independent of pH for all nramds except UTC-60, indicating
that pH did not alter pore size and, hence, peritigakand size exclusion

characteristics of those membranes. Boron wasnthst difficult to remove and

retention strongly depended on pH and speciatidmnciwwas suggestive of a dominant
charge mechanism. Despite the speciation of mito@ing pH independent, retention
varied widely depending on membrane type and sugdeboth charge and size
mechanisms were occurring. Fluoride speciation @atention were pH dependent,
with minimum retention occurring at low pH when Hfominates, which again

suggested charge and size mechanisms. An integasisult was that the fluoride was
more highly retained than nitrate using the samenbmane above pH 7, which cannot
be explained by the ionic size as fluoride is allen#&on. This suggests the importance
of hydrated size in determining transport, whichs\itae subject of the remaining work
presented in this thesis. Overall, this chaptenatestrated that pH is a key factor in
determining retention of charged inorganic contamis, which is directly related to
solute and membrane properties, but that thereatsaybe other important factors such

as hydration.

The objective of Chapter 6 was to examine the Himiraof monovalent anions
(fluoride, chloride, nitrate, nitrite) as they tegort through idealized, cylindrical pores
using MD simulations. Three key conclusions cardievn from this work. Firstly,
energetic barriers were strongly dependent on g@e. Energy barriers were not
linearly correlated with pore size; instead, themere distinct regimes related to the
number of water molecules which much be strippedyaftom the ion in order for
transport to occure@. water molecules with the first hydration shell hedd much more
tightly than outer, more distant water). Transpeas strongly hindered when the size
of the pore was smaller than the hydrated radisscondly, energy barriers depended

on ion type (and hence hydration properties). Sdiectivity sequence amongst the ions
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can change depending on the pore size and ion piegen general, the transport of
small, strongly hydrated ions (such as fluorideywauch more energetically expensive
than for larger, less strongly hydrated ions (sash nitrate) due to the required
dehydration unless the pore is larger than the gizihe hydrated ion Thirdly, and

most importantly, these results showed that theliredq dehydration was the main
barrier to ion transport in the narrow pores. &rtjgular, partial dehydration was the
main determinant of the energy barriers for smsaitpngly hydrated ions whose
hydrated radius is larger than the pore size, evieen charge repulsion is considered.
This explains, for example, why fluoride is rejettey membranes with pore sizes
greater than the ionic radius of fluoride. By pding a systematic and novel insight
into the role of ion dehydration in pore transpdhese results are significant in
understanding anionic selectivity in biological nhals as well as desalination and

removal of various drinking water contaminants vhiR.

As the theoretical evidence for dehydration ocogras a transport mechanism was
demonstrated in Chapter 6, the research aim of €€hdpwas to obtain experimental
evidence of dehydration determining transport imeal NF membrane. This was
achieved by determining energy barriers for différ@nions and membranes in order to
link experimental measurements with MD outputs.efgg barriers depended on anion
and membrane type. Fluoride, which has the higmgstation energy and smallest bare
ion size, had the highest energy barrier of eadbnastudied for both membranes, and
energy barriers for were higher for the tighter rbesme. Energy barriers were
reasonable (same order of magnitude and generadsreavhen compared with MD
simulations, which corroborated the fact that epdogrriers in NF may be due to
dehydration. While a one-to-one comparison betweahmembrane systems and MD
is challenging, the results here support conclissiohtained from the fundamental
theoretical transport studies. These results dstrate experimental evidence of the
need to incorporate hydration effects into NF medel

8.2 Future Outlook

This work brought to light a number of interestirggearch topics that would benefit
from being the subject of future investigation. fhis end, the greatest potential for

future work lies in the areas of MD for represeptaiof NF membranes, experimental
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work for evidence of the dehydration mechanism,rompd NF characterization, and

the testing and application of renewable energy brame systems.

The work completed with MD in this research projeets a valuable contribution and
stands to be developed in a number of ways. Siieglchannels were used in order to
isolate the role of ion dehydration in pores ofatiént sizes, but a number of variations
could be evaluated in order to better considerdbmplexity of realistic membrane
pores. This could involve designing and running BiBulations which could account
for membrane parameters such as polarity, surfaasge (on the surface and/or within
the membrane pore) and functional groups. Applythg simulations to other
contaminants (in particular boron) would be valeabhs would systematically
increasing the concentration, which could potelytiglad into insight about ion pairing

during transport.

The task of demonstrating clear experimental evadeaf NF mechanisms in real
membranes remains challenging because of limitatinnmeasurements, difficulty in
isolating parameters and the heterogeneous nafupelymeric membrane materials.
Improved characterization of the porous structuréhe active layer of NF membranes
would be very useful as it would allow informatiém be determined the layer which
controls selectivity. In particular, more infornmat about the structureeq. discrete

pores versus dense film) and chemical propertigsisflayer is very important. Recent
work by Basoret al. [150] isolating and characterizing the selecticéve layer alone

shows much promise in this area.

Further, the use of carbon nanotube membranes vibmuicery valuable in the effort to
understand mechanisms without the variation in nramd material inherent in
polymeric membranes. However, at present suitabéambranes of the desired
characteristics are still largely in the developtaérstages. As soon as feasible,
understanding ion transport experimentally in gtrred membranes would be very
valuable in explaining what happens in polymericnbeanes, which, although more

structurally heterogeneous, are much more widelgldped and used.

Gaining clear evidence and understanding of newhar@sms, using the tools of

simulation and experiment, gives exciting prospéatthe future of desalination. For
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example, if it is proven that dehydration is, irctfaa controlling parameter for ion
selectivity in NF, future membrane models must takération into account. It may be
possible, for example, to include energy barriaakudated in MD directly into the

continuum transport models commonly used in desgitNF. This could also have
important implications in utilizing the differentnergy barriers in order to separate
different types of ions, which is especially intgreg from the perspective of removing

contaminants other than sodium chloride in destdina

The other main area which warrants future worknsrenewable energy powered
membrane systems. The integration of membranentdmtpy with renewable energy
allows water to be treated to a high standard @veéemote locations with no electrical
grid connection. This is an excellent solutiorthe synergetic water-energy problems
facing many remote areas of the world. Howeverth&r work is necessary to best
optimize these systems. In particular, the impHcvariable operation on long-term
system performance is unknown. This could haveseguences for the lifetime of the
membrane, and thus needs to be understood forpbattical and economic reasons. A
comparison of renewable energy membrane systemis tnaiitional point-source
treatment methods for a particular location(s) wloalso be valuable. In order to
determine the feasibility of long-term operationsoich a system in remote areas, this
comparison would need to consider not only techraspects, but also maintenance

requirements, economics, and socio-cultural fadtmra complete assessment.

These main areas for possible future work couldsbemarized by the following

guestions:

* What are the effects of different water chemist(ezs concentration, pH) on ion
hydration properties and thus on potential dehyaimadluring transport through
a poreAMD simulations)

* What are the hydration properties of boron speftiesc acid and borate, which
are relevant in drinking water) and what happengshis hydration during

transport through a por€¢®D simulations)
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e What surface/pore characteristiceg( surface charge, polarity, functional
groups) have the largest influence on results hod are most important in the
comparison between MD and real NF membraii®K? simulations/NF)

* How do energy barriers for the transport of anitm®ugh carbon nanotube
membranes compare to results obtained with MD arfd riNembranes?
(experimental)

* How does water compositioned. mixes of feed contaminants or real
groundwater) affect energy barriers for the tramspbcontaminants using NF
membranestexperimental/field trial)

* What is the impact of long-term operation on thigcieincy and reliability of a
RE-membrane systentf?eld trial)

In conclusion, this thesis has provided a thoroeghluation of four important and
diverse areas related to the removal of inorgaoiaminants with NF and RO. The
results achieved provide novel insight into fundatak transport mechanisms and
renewable energy powered membrane systems alikis. hbped that this insight will

provide a valuable stepping stone in the endealoumprove the crisis surrounding the

global need for safe drinking water.
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Appendix A

Instrument Calibration

Appendix A includes example calibrations for aniabtt equipment used in this project:
electrical conductivity (Figure A-1), fluoride ioselective electrode (ISE, Figure A-2),
nutrient analyzer (Figure A-3), inductively-coupleglasma optical emission
spectroscopy (ICP-OES) (Figure A-4), total organarbon (Figure A-5), and ion
chromatography (Figure A-6). Calibration curvesevmade or confirmed by testing a
sample of known concentration prior to the analg$iany new set of samples, and test
standards were run throughout any sample run @ligievery ten samples). Particular
ranges of calibrations were selected in order taajperopriate for the concentration
range in samples. This means that for the nutréardlyzer or for ICP-OES, for
example, samples would be diluted to ensure thege wathin the range of a linear
calibration in order to obtain results without tihluence of interferences. For these
two instruments, high salt concentrations can fater with the signal so it was
necessary to dilute samples within an acceptabieasuration range in order to obtain
best instrument sensitivity. The ISE calibratioaswfit to a log-normal plot, as is

standard methodology for this instrument, for @dincalibration.

Example calibrations are included because instrancahbrations can shift slightly
depending on, for example, preparation of instrunsatutions €g. eluents, buffers),
sample matricese@. pH, concentration of other ions), equipment caadit(eg. time
between cleaning/maintenance) and environmentabriaceg. room temperature),
which had a larger effect for some instrumentsh{sagthe nutrient analyzer) more than

others (such as the TOC). Measurements with im&nis which required manuality
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(such as the ISE) could very slightly vary accogdito the person taking the
measurement due to differences in mixing technigoesamount of time before
recording the sample, for example, so a calibratiade by the same person who made
the measurements was best to ensure consisteradiprafions were always run on the
day of analysis to ensure that the analysis madiatrday had a valid calibration, and
standards and solutions were made as fresh asbfgmsdrurther, analysis of sample
standards was conducted frequently in order to taprany changes of instrument
performance over time. Despite all of these thingch can influence calibrations,
variations remained small if the solutions were enpdoperly and the instrument was

working properly. Checking of calibrations was ddar quality control.
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Figure A-1. Electrical conductivity (mS.cmi®) versus sodium chloride concentration
(g9.LY) (pH 6.2). Uncertainty in the measurement of mulple samples (i = 7) is +
1%.

215



Appendix A. Instrument Calibration

200} i
0
S 160 F .
E O
(D)
%]
5
2 120} U i
()
[n'd
L
2
80 | O i
o
40 1 1 1 1 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30

Fluoride Concentration (mg.L™)

Figure A-2. lon selective electrode response (mV)exsus fluoride concentration
(mg.L™") (pH 7). Uncertainty in the measurement of multipe samples if = 7) is +
2%.
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Figure A-3. Nutrient analyzer calibration for nitrate showing peak area (V.3)
versus nitrate concentration (mg.L* as N) (pH 7). Uncertainty in the measurement
of multiple samples 6 =7) is = 3%.
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Figure A-4. Example ICP-OES calibration for boron $owing peak intensity versus
boron concentration (mg.LY) (pH 7). Uncertainty in the measurement of multife
samples ( =7) is = 1%.
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Figure A-6. Example chloride calibration for the ian chromatograph. Uncertainty
in the measurement of multiple samplesn(=7) is = 1%.

218



Appendix B

Energy Barriers and Diffusion Coefficients
Determined with Diffusion Cells

B.1 Introduction and Objectives

The purpose of using the diffusion cells was to €tperimentally determine energy
barriers to different ion and membrane types andd€ermine diffusion coefficients.
At the time of planning, the objective of these emments was to determine energy
barriers without the complicating effects of pressand flow (inherent in crossflow
filtration) in order to provide complementary infieation to energy barriers determined
with the crossflow system. In hindsight, energyrieas obtained with the diffusion
cells only serve to represent the specific cond#iof diffusion cells, and cannot be
meaningfully compared to the crossflow system dudghe presense of flow which
changes the mechanisms controlling transport. tRer sake of completeness, all
diffusion cell results are reported here, but important to emphasize that these results
cannot be meaningfully compared to the crossfloargynbarriers presented in Chapter
7.

B.2 Experimental Summary

The diffusion cells were described in Chapter 3.1A3single salt (NaF, NaCl, NaNO
NaNQO,, KF, KCI, KNO;, KNO,) at a concentration of 0.1 M was placed in the
concentrated cell and ultrapure water in the dilutell. No pH adjustment was made
with the exception of one experiment (Section B.3.2he cells were clamped together
and placed in water bath with temperatures of 1B, 25, 30, 35 °C. For each

temperature and salt, experiments were run foretli@urs. Samples were collected
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from both the concentrated and dilute cells at31),120, 150 and 180 minutes. lon
analysis was done with ion chromatography (Chap#i8) for anions and inductively
coupled plasma optical emission spectroscopy (@h&pt.4) for cations. The energy
barriers were determined by the slope of the Andeeplot of the natural log of solute
flux as a function of inverse temperature. Difarsicoefficients across the membrane
were also calculated. Diffusion cell experimentsrevconducted with commercially
available NF membranes UTC80A, BW30, NF90, TFC-SRB270 and TFC-SR2
(characteristics in Chapter 3.2).

B.3 Energy Barriersin Diffusion Cells

Energy barriers were determined in diffusion cellsompare to results obtained with
the crossflow system. Since there is no flow oespure in diffusion cells, the
concentration gradient across the cells is theirdyiforce for diffusion. The diffusion
of salt from the concentrated to dilute cell wasasweed at different temperatures in
order to calculate an Arrhenius energy barrietht ttansport. The rate of diffusion is
higher at higher temperatures. Figure B-1 showes Alrhenius plots for NF270
obtained with diffusion cells, and Figure B-2 shothie energy barriers obtained for
NF270 and NF9O0 for each sodium salt tested.
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Figure B-1. Arrhenius plots for anions (as sodiunsalt) for NF270 using diffusion
cell methodology.
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Figure B-2. Solute flux (A) at 25°C and 3 hours ofliffusion time and energy

barriers (B) for sodium fluoride, chloride, nitrite and nitrate using NF90 and

NF270 and the diffusion cell Arrhenius methodology.
These results show that the smaller ions, flucaide chloride, have higher solute fluxes
and lower energy barriers than nitrate and nitrit€his is not explained by the
dehydration theory, as molecular modelling predictt energy barriers for fluoride and
chloride are much higher than nitrate and nitrite ¢tb the strong hydration of fluoride
and chloride [303]. Fluoride and chloride barrieiith NF270 are higher than NF90,
which is not expected because NF270 has a larfectieke pore size. However, this
trend swaps with nitrate and nitrite which haveheigbarriers with NF90 than NF270,
as expected. Mass balance calculations did n@estigany absorption observed within
the error of analysis in the three hours of diffustime. The results here are very

different to the results obtained with the crossfleystem, despite the dominant effect
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of diffusion predicted for crossflow experimentsngsExtended Nernst Planck. This
can be explained because the determination of griEagiers using diffusion cells is

mechanistically different than when determined wtike crossflow system, and these
differences are specifically were discussed in @rap7.

B.3.1 Effect of Membrane Type on Energy Barriers ofluoride

The energy barriers for fluoride transporting tlgbbua number of membranes with
different properties were determined. The objectivas to compare energy barriers
with effective pore sizes. Because it was desicedse to full spectrum of NF pore
sizes, two membranes were used for these expesSniBRC-SR3 and TFC-SR2) which
were not used anywhere else in this thesis in dadeave more characterized pore sizes
at the higher end of the spectrum. Figure B-3wshthe results obtained for each
membrane. There is no clear trend of fluoride gydrarriers and characterized pore
size of each membrane, as the method is not saitafiffusion cells. There are other
differences between the membranes that would affexte results, namely the total
membrane thickness (which is the total distancedhe must diffuse through) and pore
size distributions. However, the active layer khiess alone is also not sufficient to
explain results, as exemplified by the fact that élative layer thickness of NF270 (350
-10"° m) is smaller than that of NF90 (1740'° m) but the barrier is larger. Pore size
distributions [132, 326] may become important ieanembrane had a small fraction of
large pore sizes, despite a low characterized geepare size, and vice versa. In the
first scenario, the fluoride ion would easily trpog through the larger pore, which
could skew results to have a lower energy barhantexpected from the average pore
size alone. With the tightest membrane UTC-80A,flooride was detected in the
purified water cell after the 3 hours of diffusioell. These results show that there is no
clear trend of the energy barriers with pore sizaabive layer thickness. Rather energy
barriers will be determined by the net membrangeuties including a combination of
pore size, porosity, material and thickness.
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Figure B-3. Energy barriers for sodium fluoride asa function of membrane type
(effective pore size on right-hand y-axis) using €usion cell Arrhenius
methodology. No fluoride was detected in the pernage cell for UTC80A,
suggesting the energy barrier is very high for fluade in this very tight membrane
(represented by the dotted line).

B.3.2 Effect of pH on Energy Barriers of Fluoride

The effect of pH on the energy barrier of fluoridas tested for NF90 and NF270 at
neutral pH (6.2) and very high pH (12.5) where thembranes are highly negatively
charged (see Chapter 3.2.4). The results are showigure B-4. This shows that the
energy barrier is increased for both membraneggatgH. This is due to the increased
charge repulsion from the highly negative membrsuréace and anion at high pH. If
the values are compared, this shows that chargdsiep contributes approximately
11% and 27% to the overall energy barrier of fldertransport for NFO90 and NF270
respectively, which was similar to modelled reswtdluoride transporting through a
simplified pore ég.14% and 19% for a single smooth pore of radiusaB.® 4.310°

m, respectively) (Chapter 6.8) [303]. However, ¢ cannot directly be correlated to
the contribution of charge repulsion, as the adjesit of pH affects transport in a
number of ways in addition to making the surfacargh highly negative. It also means
that there are additional sodium hydroxide ions@né in the solution (more ions leads
to higher ionic strength and more prominent electields in solution), an excess of

sodium, and possible change in pore size at high pH
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Figure B-4. Energy barriers for fluoride (as sodiun fluoride) at neutral and high
pH (12.5) where the membrane is highly negativelyharged for NFO90 and NF270
using the diffusion cell Arrhenius methodology.

B.3.3 Effect of Cation Type on the Energy Barrierof Anions

Selected experiments were repeated using potasssutine cation rather than sodium.
The objective was to see if ion pairing or ion pumggplayed a role in the transport, and
thus the cation type was changed in order to sé®it was a measurable difference on
the transport of the anion. lon pairing is mokelly for potassium than sodium, due to
the relatively weak hydration of potassium [86]das particularly likely for potassium
nitrate [76].

Changing the cation does not make a measurablerelifte for strongly hydrated and
small ions fluoride and chloride. However, chaggine cation does make a significant
difference for nitrate and nitrate. The energyrileals lower with potassium rather than
sodium for these anions. Nitrite and nitrate arerenweakly hydrated and pairing

between potassium and nitrate or nitrite is muchentike than with sodium. If the ions

were paired, the new entity would be neutrally gedrand thus it could be expected
that energy barriers would decrease due to netgigibarge effects. However, a much

more thorough study would be necessary to validhasehypothesis.
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Figure B-5. Comparison of energy barriers of eachof the anions (fluoride,
chloride, nitrite and nitrate) with different catio ns (sodium and potassium) for
NF90 using diffusion cell Arrhenius methodology.

B.4 Determination of Diffusion Coefficients

The data obtained in the energy barrier experimentts diffusion cells was also used
to estimate diffusion coefficients for the variosalts across NFOO and NF270. The
results are shown in Table B-1. Diffusion coe#itis are dependent on anion, cation,
membrane and temperature. The diffusion coeffisiebtained are one to three orders
of magnitude slower than in bulk water (typicall9®1m?s* in bulk water), which
demonstrates the hindered nature of membrane tensphe error in these results is
approximately 10%, which makes any significant ¢ between ions in one
membrane difficult to decipher. The error was meated by taking the maximum
uncertainty in solute flux measurements and reutafing the diffusion coefficients
with the largest expected errors in input paranseterdetermine the variation in the
output (Chapter 3.5.2). Unfortunately, the ermorthe results makes it difficult to
analyze the data meaningfully, and the resultsiodtaalso are not relevant to the
crossflow results, for reasons which are discusee8ection B.4. Therefore, these
diffusion coefficients have little useful signifitee. When diffusion coefficients are
calculated using hindered transport theory, assexdun extended Nernst Planck, the
values for hindered diffusion (B) in NF90 for sodium fluoride, sodium chloride,
sodium nitrite and sodium nitrate are 245° m*.s?, 8.0610"° m?.s*, 5.7510"° m?.s*

and 5.7210"° m’.s’, respectively. These calculated values @f, Dvhich estimate
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diffusion only in the active layer based on a raifopore to Stokes radius and bulk
diffusivity, are a better representation of diffiy in a membrane than diffusion cell

measurements of diffusivity across the whole memdaral, is what is used for inputs

in diffusion and hydrodynamic models [198].

Table B-1. Experimentally determined diffusion codficients of anions in NF
membranes after three hours. Error in diffusion c&fficient is estimated at 10%.
Diffusion Coefficient of

Anion Cation Membrane Anion at 25 °C (mz.s'l)
Fluoride Sodium  NF90 3.200"2
NF270 2.3310™

NF90, pH 12.5  3.020%?
NF270, pH 12.5 2.250"

Potassium NF90 3.4310"2

NF270 2.7600"

Chloride Sodium  NF90 3.510%2
NF270 2.2610"*

Potassium NF90 3.9110%2

NF270 2.6710%

Nitrite  Sodium  NF90 7.720%3
NF270 1.73101

Potassium NF90 7.3110"3

NF270 1.2610*

Nitrate  Sodium  NF90 1.1240%
NF270 1.310%

Potassium NF90 1.2310%?

NF270 1.430"

B.5 Conclusions

The diffusion cell experiments were originally coisted in order to compare energy
barriers in a system without flow and pressure.weler, this method was not suitable
for comparison due to fundamental mechanistic difiees, which were discussed in
7.7 and a result of diffusion occurring acrosseéhgre membrane thickness in diffusion
cells [150, 324, 325]. It is recommended that udifbn cells not be used for

determination of energy barriers or for direct camgon with results from any other

type of experimental system, unless the activerlage be isolated and characterized
individually which may be possible with new methaashe future [150].
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