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ABSTRACT OF THE DISSERTATION

Optimization and Improvement of Pressure-driven Membrane Performance for Desalinated

Water Production

by

Bongyeon Jung
Doctor of Philosophy in Civil Engineering
University of California, Los Angeles, 2022

Professor David Jassby, Chair

With the limited amount of freshwater resources, water scarcity has been becoming a serious
problem. Thus, alternative water resources such as seawater and wastewater have been attracting
water suppliers’ attention. To exploit these alternative water resources, membrane filtration that
has an ability to remove ionic species plays an important role. Although high salt removal
efficiency (> 99%) can be achieved when membrane (i.e., reverse osmosis membrane) is operated
under a great condition, membranes have relatively low removal efficiency of neutral and small
molecules. In addition, the operation and application of membrane filtration is often limited by
accumulation of undesired materials on the membrane surface, so called membrane fouling. To

mitigate membrane fouling, source water must be appropriately pre-treated prior to be fed into



membrane filtration unit. In addition, membrane must be intermittently cleaned to remove readily
formed membrane fouling in a chemical/physical way, which will increase water production cost.

Herein, we investigated electrochemical approach to enhance removal of neutrally-charged
boron ions in seawater with electrically-conductive reverse osmosis membranes. By applying
cathodic potentials, water electrolysis was facilitated to elevate local pH near the membrane
surface, which increased the boron removal efficiency. We also studied optimization of
groundwater treatment train that includes pretreatment and membrane filtration. By evaluating
performance of each water treatment technologies, obtained results was coupled into a
mathematical model to identify an optimum treatment train with blending ratio that can produce
potable water that meets drinking water standards. Lastly, we also studied impact of alternating
current on mineral scale formation on the electrically-conductive membrane that treats natural
groundwater. With application of alternating current on the membrane surface, electrokinetic

mixing was induced, which resulted in a mitigated scale formation.
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Chapter 1.

Introduction



1.1 Membrane Filtration: A Promising Solution to Water Scarcity

Water is an essential ingredient for human beings: not only up to 60% of human body is
composed of water, but also food (such as crops, meat, fruits, etc..) requires huge amount of water
for its production, resulting in the food production sector taking up the largest portion of freshwater
consumption (~75% of current human water use).X* Although water is the most abundant resource
on earth, majority of water (97%) exist in the form of seawater, and only marginal amount of water
is readily available for direct use.>’ In addition, sources for fresh water (i.e., liver, lake, and
groundwater) is not evenly distributed around the world, which makes arid and semi-arid regions
(i.e., Middle East, and South African countries) suffer from the lack of water.8! This water
scarcity also occurs in well-developed countries, due to fast industrialization, water pollution,
population growth, and climate change.'?>*® Industrialization takes place with more advanced
manufacturing plants, which inevitably leads to more water and energy consumption and more
wastewater generation that could potentially cause water pollution. Population growth obviously
elevates the demand for potable water and daily water usage, and climate change has been
influencing annual precipitation and evaporation patterns of water that changes water availability.

To meet the increasing demand of fresh water, water suppliers have been looking for
alternative water resources that are less impacted by the aforementioned factors and relatively
infinite in amount. Such resources can be seawater, wastewater, and brackish groundwater since
these resources are continuously generated or naturally replenished.'®?? In order to treat this type
of water resources, membrane filtration is an essential technology to meet the growing demand for

drinking and agricultural water.



1.2 Basics of Membrane Filtration

1.2.1 Classification of Pressure-driven Membranes
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Figure 1.1. Classification of pressure-driven membranes

Polymeric membranes in water treatment plants can be classified based on their pore size
(Figure 1).22?* Microfiltration (MF) membranes have the largest pore size followed by
ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO). MF and UF membranes rely on
the physical separation (so called, size exclusion) owing to their relatively larger pore sizes than
NF and RO.® Any materials greater than the size of membrane pores in the water will be retained.
Thus, MF membranes have an ability to sieve large molecules (e.g., suspended solids and bacteria)
in the feed, while UF membranes can not only remove suspended solids and bacteria, but also can

separate viruses. NF and RO membranes that are often considered to be non-porous remove



matters not only by their size (size exclusion), but also by their charge (charge repulsion and
Donnan exclusion).?° Therefore, NF and RO membranes are able to separate much smaller

molecules (i.e., ionic species) from water that can easily penetrate MF and UF membranes.

1.2.2 Microfiltration (MF) membranes

Collodion (nitrocellulose) MF membrane was first developed in 1920s.3! However, the market
was small, and its application was limited to small-scale industrial applications. First large-scale
of MF membrane was employed to culture microorganisms in drinking water, which was
conducted in Germany during World War Il to monitor the contamination of water supply. MF
membrane was used to filter any bacteria in the water. Then, the filtered membrane was immersed
in a nutrient solution to multiply bacteria, making them easily counted by a microscope.*?

MF membrane has a pore size ranging from 0.05 um to 10 um, which makes it suitable to
remove particles having size > 0.1 um from a liquid.®® Owing to its open membrane structure, MF
membrane requires low pressures (< 2 bar) for contaminant removal. Modern MF membrane is
commonly applied in food/beverage, pharmaceuticals, wastewater treatment, desalination,
semiconductor industry and biotechnology.3-3¢

MF membranes can be fabricated by multiple techniques: sintering, stretching, track-etching,
and phase inversion.>”® Organic and inorganic materials that are commonly used for MF
membranes synthesis are listed below:

Table 1.1. List of common organic and inorganic materials for MF membrane synthesis

Membrane characteristics Materials
Polytetrafluoroethylene (PTFE)
poly(vinylidene fluoride) (PVDF)

polypropylene (PP)
Polyethylene (PE)

Hydrophobic polymeric membranes




Cellulose esters, polycarbonate (PC)
polysulfone (PSf)

poly(ether sulfone) (PES)
Hydrophilic polymeric membranes | polyimide (PI)

poly(ether imide) (PEI)
(aliphatic) polyamide (PA)
polyehteretherketone (PEEK)
Alumina (Al>O3)

zirconia (ZrO2)

titania (TiO2)

silicium carbide (SiC)

Ceramic membranes

1.2.3 Ultrafiltration (UF) membranes

Similar to MF membranes, first UF membranes were also synthesized by collodion in 1907 by
Bechhold.*® However, application of this type of UF membranes was limited to lab-scale studies
until the breakthrough took place in 1960s. In 1963, Loeb and Sourirjan developed anisotropic
cellulose acetate UF membranes using polymer precipitation method at University of California,
Los Angeles (UCLA), and in 1969, successful application of UF membranes in an industry-scale
appeared.®?

UF membranes has a similarity with MF in processes and separation principle, but the
difference lies in membrane pore size and asymmetric structure. While MF membranes have pore
size ranging from 0.05 um to 10 pm, UF membranes, in general, have a pore size in the 0.001 um
to 0.1 pm (10 A to 1000 A).%%4! This smaller pores and asymmetric structure of UF membranes
provide much higher hydrodynamic resistance than MF, requiring a higher applied pressure (1 —
10 bar).#?

UF membranes are applicable to separate colloids and macromolecules in diameter of > 10 ~
1000 A from a solution. Such application includes food/dairy (i.e., milk, cheese, whey protein

recovery etc..) industry, pharmaceutical, textile, paper, and leather industry.*347



Due to UF membranes’ relatively smaller pore diameter, the pore size distribution and separation
properties of UF membranes are often characterized by molecular weight cut-off (MWCO) at
which > 90% rejection of defined solutes is identified.

UF membranes are synthesized by a Loeb-Sourirajan technique (also called phase inversion or
polymer precipitation process) which a casting polymer solution turns into solid phase. There are
four different phase inversion methods: water precipitation, water vapor absorption, thermal
gelation, and solvent evaporation.*®4% Among these, water precipitation is a most common method
for modern UF membrane fabrication. Loeb-Sourirajan’s technique was not only a breakthrough
for UF membranes, but also was a catalyst for the development of new membrane fabrication
techniques. Interfacial polymerization (IP), one of most important non-porous membrane
fabrication process in the modern society, is one of the examples, and will be covered in the
following section.

Materials for UF membrane synthesis include organic and inorganic materials, and these are
listed below:

Table 1.2. List of common organic and inorganic materials for UF membrane synthesis

Membrane characteristics Materials
Polysulfone (PSf)
Polyetheresulfone (PES)
Sulfonated polysulfone
Poly(vinylidene fluoride) (PVDF)
Polymeric materials Cellulose acetate

Polyimide

Poly(ethere imide)

Aliphatic polyamides
Polyehteretherketone (PEEK)
Alumina (Al>0s)

zirconia (ZrO>)

Inorganic materials




1.2.4 Nanofiltration (NF) membranes

NF membranes are developed as a variant of reverse osmosis (RO) membranes in late 1970s.
During the RO membrane fabrication process, it was found that various post treatment (i.e., heat
curing) condition could produce a relatively larger pores leading to lower monovalent (Na* and
CI') rejection while requiring lower operating pressure. Prior to being named as NF, it was called
as loose RO, intermediate RO/UF, or tight UF membrane, since its separation properties laying
between RO and UF.*

NF membranes were originally synthesized with cellulose acetate (CA) and its derivatives
by a phase inversion method.>® However, CA membranes were prone to biological degradation
and exposure to chemicals and high temperature, resulting in degraded water flux and salt
rejection.>2 Thus, looking for a new material that is non-cellulosic and biologically, chemically,
and thermally stable was warranted. For this reason, new NF membranes were made with three
different layers: top selective layer, microporous interlayer, and nonwoven polyester layer. This
configuration is now known as thin film composite (TFC). Unlike CA membranes being fabricated
with a sing-step process (i.e., phase inversion), fabrication of TFC membranes is a two-step
process: phase inversion of microporous interlayer, and IP of selective layer.

NF membranes have a MWCO of 200 — 1,000 Dalton (Da), corresponding to pore sizes
from 5to 20 A Compared to MF and UF membranes, NF membranes require much more operating
pressures (150 psi) owing to its much smaller pore sizes. However, the operating pressure is still
much lower than the pressure in reverse osmosis system (250 psi — 800 psi). Therefore, NF
membranes are widely used as a water softening method, a pretreatment step, or a primary
separation method in which high level of divalent ion removal is required with a relatively low

energy input.>¥>°



Salt removal mechanism by NF membranes includes size exclusion (steric hinderance),

electrostatic (Donnan) exclusion, and dielectric exclusion.>¢->8

1.2.5 Reverse Osmosis (RO) membranes
Osmosis is a naturally occurring process which solvent moves toward an area having lower
solute concentration through a semi-permeable membrane from an area having higher solute
concentration. Concentration gradient (concentration imbalance between each side of membrane)
drives the solvent more from one side to the other, resulting in an osmotic pressure. In 1850s,
osmotic phenomena were studied with ceramic membranes, and it was proven that membranes

were capable of separation of small solutes from water. >°

RO is a process which solvent moves against the concentration gradient by applying a
pressure greater than osmotic pressure. Thus, more solutes remain in the one side, and the other
side becomes relatively solute-free. The term RO was first patented for the purpose of desalting
water in 1931. In 1959, Reid and Breton showed the feasibility of cellulose acetate films to
perform desalination. Although the cellulose acetate films had a great salt removal efficiency (>
98%), their commercialization was limited by low water flux.5%%! In 1962, a breakthrough was
made by Loeb and Sourirajan at UCLA.%263 They developed an anisotropic cellulose acetate
membrane through the phase-inversion method. The resulting membrane had much higher water
flux (10 times) with a similar salt removal efficiency with the Reid and Breton’s membrane. This
type of membrane was widely applied in 1960s until IP method was developed by Cadotte in
1972. Cadotte’s membrane was made of same material (i.e., cellulose acetate) with Loeb and
Sourirajan’s, but the IP method provided a better water flux and salt rejection. The RO membrane

made via IP method was first commercialized in 1975 by Fluid Systems.®*-% Then, Cadotte made



TFC RO membrane out of m-phenylenediamine (MPD) and trimesoyl chloride (TMC) through
the IP method, which is a standard method for RO membrane fabrication until now.

RO membranes are the tightest pressure-driven membranes. Unlike other types of
membranes (MF, UF, and NF), RO membranes are generally considered as non-porous membrane.
Salt removal mechanism includes size exclusion (steric hinderance), electrostatic (Donnan)

exclusion, and dielectric exclusion.

1.3 Transport Mechanism in Membrane Filtration
1.3.1 Transport Mechanism of Microporous Membranes

MF and UF membranes can be classified as microporous membranes owing to their
relatively large pore size than NF and RO membranes. Thus, a principal solute removal mechanism
for MF and UF membranes is a size exclusion (or steric hinderance) that particles larger than the
pore size are retained by the pores.

Darcy’s law can be used to describe the convective water flow through capillary or porous
medium:

J=A x AP (1)

Where is J water flux, is A permeability constant, is AP pressure difference across the membrane.
Constant A is a function of membrane’s structure (porosity and pore size distribution) and viscosity
of liquid passing through the membrane. Since UF membranes generally have smaller pore sizes,
A value (water permeability constant) of UF is smaller than the A value of MF. For laminar flow
(when Reynolds number < 2,000) and membrane having capillary pores, Hagen-Poiseuille

equation can be applied with an assumption of identical pore radius:

er? AP

J= X (2)

8nt




where ¢ is surface porosity, r is pore radius, n is dynamic viscosity of permeating liquid, T is
tortuosity (unity for cylindrical pores), and Ax is membrane thickness. Equation (2) clearly shows
a linear relationship between water flux and the driving force (i.e., transmembrane pressure, AP).
Instead of Hagen-Poiseuille equation, Kozeny-Carman relationship can be used for membranes

packed with spheres:

&8 AP
—_— X —_—
KnS%2(1-6)?2 Ax

J= (3)

where ¢ is volume fraction of the pores, K is Kozeny-Carman constant that is a function of pore
shape and tortuosity, and S is internal surface area.
Although actual pore structure of MF and UF membranes are neither of cylindrical or

spherical, Hagen-Poiseulle or Kozeny-Carman equations are widely used to describe the water

flux through the membrane.

1.3.2 Transport Mechanism of Dense Membranes

It has been more than 60 years since the TFC membranes have developed and extensively
studied. However, it is still unclear how exactly the membranes retain salt while allowing water
passage. The most widely accepted theory of transport mechanism in dense membranes (i.e., NF
and RO) is a solution-diffusion model. In the solution-diffusion model, a component moves toward
the membrane by driving forces (such as concentration gradient, transmembrane pressure,
electrical potential gradient, temperature). Then, the component absorbs into the membrane, and
diffuses toward the other side of membrane. And finally, the component desorbs and moves away
from the membrane.

The solution-diffusion can be described mathematically from a simple equation:
ap;
Ji=—-Li= (4)

_ldx
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where J; is a flux of a component i, L; is a proportionality coefficient, % is a chemical gradient of

component i across the membrane. Under the condition where driving forces are limited to
concentration and pressure gradient, the chemical potential can be rewritten as:

dp; = RTd In(y;n;) + vidp (5)

where R is universal gas constant, T is absolute temperature, y; is activity coefficient, n; is mole
fraction of component i, v; is the molar volume of the component i, and p is the pressure. For

incompressible phases, volume does not change with pressure. Thus, integrating Equation (5) gives:

pi = uf + RT In(y;ny) +vi(p — p7) (6)

where p? is the reference chemical potential of component i at reference pressure p;{. The
reference pressure, p?, can be expressed with the terms of vapor pressure of i, p7*t. Then,

Equation (6) becomes:

i = pf + RT In(y;ny) + vi(p — pi*) (7)

With an assumption that there is no pressure gradient within the membrane and a linear

gradient of chemical potential across the membrane, combination of Equation (4) and (5) gives:

RTL; dn;

Ji = Tx (8)

ny

Mole fraction of component i, n;, can be expressed in terms of component i‘s concentration:

G =pmmn (9)

where p is molar density, is m; molecular weight of component i. By combining Equation (8)

and (9),

RTL; dc;
ci dx

Ji= (10)
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RTL;/c; can be replaced as diffusion coefficient D; according to Fick’s law (] = —D %). By
integrating the Equation (10) over the membrane thickness (1),

Ji = % (Ci,o,m - Ci,l,m) ( 11 )

where C; , , is the concentration of component i at the feed-side of membrane and C; ; ,, is the
concentration of component i at the permeate-side of membrane.
Since it was assumed a linear chemical potential gradient within the membrane, chemical

potential in the bulk solution is equal to the chemical potential near the feed-side membrane.

Hio = Hiom (12)

Equation (12) can be rewritten using the Equation (7):

.UL? + RT ln(yi,oni,o) + Uj (po - pisat) = .uio + RT ln(yi,o,mni,o,m) + L% (po - pl,s‘at) ( 13 )

By rearranging the Equation (13),

ln(yi,oni,o) = ln(yi,o,mni,o,m) ( 14)
or,
Nio = %ni,o,m ( 15 )

Using Equation (9), Equation (15) can also be written as:

Ci,o,m = Lio Pm Cio ( 16 )

Yiom

The term y; , pim/Vi0m Can be replaced by a sorption coefficient K;. Then,

Ci,o,m =K; - Cio ( 17 )

12



In the same manner of the above procedure, the chemical potential near the membrane in the

permeate side is,

Uiy = Uiim

Which leads to

(18)

u? + RT In(yyniy) + vi(py — p5%) = w? + RT n(Yiumnigm) + vi(o — p§%) (19)

With a rearrangement,

ln(yi,lni,l) = ln(yi,l,mni,l,m) + Vi(p;T_pl)

Equation (20) can be rearranged as:

vinit  _ vi(po—p1)

YilmNilm RT

By introducing the relationship used in Equation (16) and (17),

_ Yir
Nigm = "N
iL,Lm
c _ Yii Pm c
iilm — "l
Yiim " Po
Vil Pm
K, =t Pm
Yiim " Po

Equation (20) becomes

YircirPm _ Kicip _ exp (W(Po—m))
Yilm Cilm Po Cilm RT

Or,

—Vi(po—pz))

Cigm = Ki~ iy exp( o7

By combining Equation (17) and Equation (23) with Equation (11), we have

13

(20)

(21)

(22)

(23)



_ Dik;

Ji=— [Ci,o — Cy " exp (W)} (24)

The term D; - K; /1 can also be replaced as permeability coefficient, P;. Then, Equation (24)

becomes,

Ji = %[Ci,o —Ci1mexp (%;_m)] (25)

With an assumption that water flux (J,,,) is much higher than solute flux (J5) and membrane
has a great selectivity, Equation (25) can be simplified. Under the osmotic equilibrium condition

where no water flux exists, Equation (25) becomes

Jw = %[Ci,o — Ci1-exp (%)] =0 (26)

where Ar is osmotic pressure. By rearranging,

A
Cijt = Ci,o " €XP (%) (27)
By plugging Equation (27) into Equation (25), we have
Picio —vi[(po—p)-A
Joy = =21 = exp (=) (28)

The term (p, — p;) cam also be express as transmembrane pressure Ap:

o= 11— ey (22220 (2)

It was mathematically proven that most of operational conditions where dense membrane is used,

value of Z2EP=47) jq very small. So, 1 — exp(—x) =~ — x can be used. Then, Equation (29) is
simplified to:
PiCi,ovi
Jw =~ (Ap — Am) (30)
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Equation (30) can also be further simplified by replacing —=— with water permeability constant,

A:

» = A(Ap — An) (31)

Water permeability constant A is also called as A parameter. Equation (31) implies that the water
flux is proportional to applied pressure at a given osmotic pressure. With a given applied and
osmotic pressure, the water flux changes accordingly to A parameter which is a function of
membrane structure (such as material and polymer chemistry).

In a similar manner, salt flux (J5) can be express in the same manner with the Equation (24).

Ds K¢

I [Cs,o — Cs,1 " €XP (W)] (32)

Js =

—v;(Ap—Am)

Since the value of is small as mentioned previously, exp (W) is close to unity.

Then, Equation (32) becomes

Ds Ks
]s (Cs 0 Cs l) ( 33 )
Slmllarly, Ks can be replaced as salt permeability constant, B:
Is = B(cs,o - Cs,l) (34)

Equation (34) implies that the salt flux is independent of applied pressure and is a function of

concentration difference between feed and permeate stream.

1.4 Challenges in Membrane Filtration
Compared to the conventional water treatment processes, membrane filtration processes have

multiple advantages; Membrane filtration requires small foot-print and small energy input (for
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microporous membranes); The filtration processes can provide a wide range of water quality that
can be adjusted based on the needs; The operation and maintenance are relatively simple.5-%
However, operation of membrane filtrations is often limited by the deposit of undesirable matters
on the membrane surface, so called membrane fouling. Membrane fouling is particularly
challenging in membrane-based water treatment processes because the fouling could lower the
water permeance and target pollutant (such as microorganism and salt) removal efficiency,
resulting in the poor quality of the final water product. Additionally, membrane fouling elevates
the water production cost owing to the reduced the lifespan of membrane and more frequent
membrane cleaning.’®

In case of nonporous membranes (i.e., NF and RO), their application could be energy-
intensive in some cases, and the processes inevitably generate a concentrated waste stream (So
called, brine) that needs to be further treated or appropriately disposed. This could be a limiting
factor of the installation of membrane-based water treatment facility in the suburban area where
power consumption of membrane filtration and generation/disposal of concentrated waste are not
economically feasible.

Membrane fouling can be classified by reversibility of membrane performance (i.e., permeate
flux and salt rejection prior to fouling event).”"° Reversible fouling represents a fouling that can
be eliminated from the surface of membrane with a single or multiple appropriate methods (such
as back-washing, chemical cleaning, air scouring, etc.). On the other hand, irreversible fouling is
defined as the fouling that remains on the membrane surface even after fouling removal practices,
resulting in a deteriorated water flux and/or salt removal efficiency. Membrane fouling can also
be subdivided based on the constituent of fouling layers. Frequently encountered foulant in the

water treatment include colloids, organic matters, inorganic salts, and microorganisms which each
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fouling is labeled as colloidal fouling, organic fouling, inorganic fouling (or, scaling), and

biofouling.

1.4.1 Membrane fouling

1.4.1.1 Colloidal Fouling

Colloids are defined as a mixture that more than two substances are mixed but not combined.
In the water treatment system colloids are found as insoluble matters that exist in water and are
separatable with an appropriate method. One of such examples is a membrane filtration treating
surface water or treated secondary effluent.”®-"®

Colloidal particles in the bulk feed moves toward membrane surface by various mechanisms
such as convection, Brownian motion, inertia, gravitational settling, and lateral migration. Then,
colloids can cause a blockage of membrane pores. The extent of attachment of colloids to the
membrane surface is known to be a function of water chemistry (pH, ionic strength, temperature,
etc.) and membrane’s properties (roughness, surface charge, hydrophilicity, etc.).”®8°

Colloids having a similar size with diameter of membrane pores can be clogged at the entrance
of membrane pores, which is called pore-blocking.8282 Colloids having greater than the pores in
size can accumulate on the surface of membrane, so-called cake formation. Pore-blocking is a prior
procedure of cake formation; Colloidal particles first interact with the membrane, which leads to
pore-blocking; Then, newly incoming colloids will start piling up and forming layers of colloids
by interacting with the old colloids that are readily attached on the membrane surface. Therefore,
once the cake layer is formed on the surface of membrane, water transport and solute removal is
mainly governed by the cake layer that covers the surface of membrane and is exposed to the feed

water.

17



The effect of fouling on the permeances has been described by a model named “Resistance-in-

series”, which is a variant of Darcy’s law (Equation 1).

AP

J= (35)

W Reotal

Rtotal = Rmembrane + Rcake + Rpore—blocking + ( 36 )

where u is fluid viscosity, R;q; 1S @ total resistance that hinders permeation, R,,cmbrane 1S @
resistance from membrane itself, R q.is a resistance caused by the cake layer, R, ore—piocking IS @

resistance resulting from pore-blocking.

1.4.1.2 Organic Fouling

Every water body contains dissolved organic matter (DOM) which can be a mixture of
materials naturally occurring and being artificially synthesized. When the organic matter originates
from feces and remains from plants and animals, it is labeled as natural organic matter (NOM). If
the organic compounds are made by anthropogenic activity (such as a production of pesticides,
fuel additives, byproducts from pre-oxidation, etc.), it is named synthetic organic compounds
(SOC).

NOM is a dominant organic fouling agent particularly in drinking water treatment processes.
NOM is complex carbon-based compounds that could comprise a range of constituent ranging
from small acids to larger humic and fulvic acid. NOM can be divided into humic acids, fulvic
acids, and humin; humic acids become soluble at alkaline pH while fulvic acid is always soluble
and humin is unsoluble. Although it remains unclear of exact mechanism of organic fouling event,

it is speculated that absorption of NOM into membrane pores (resulting in pore narrowing and
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pore blocking) and gel layer formation of NOM onto membrane surface lead to the reduction of

water permeation. 8485

1.4.1.3 Inorganic Fouling (Scaling)

When membrane fouling is caused by inorganic species, the fouling event is named as
inorganic fouling, or scaling. Unlike other types of membrane fouling, scaling occurs when the
concentrations of sparingly soluble salts exceed their solubility limits. Therefore, scaling is mostly
problematic in desalination processes using tight and nonporous membranes (i.e., NF and RO)
where a feed is continuously concentrated by the production of permeate water.

Scale formation on the membrane surface requires a prior step of nuclei formation that can be
either formed in the bulk solution or on the membrane surface. The former case is labeled as
homogeneous nucleation, while the latter case is called heterogeneous nucleation. Once nuclei
forms, it starts growing up with interactions with surrounding ion species. Then, small nucleus are
further developed into inorganic crystals, which is called crystallization. The crystallization also
can be divided into bulk crystallization and surface crystallization depending on where the
crystallization takes place. In bulk crystallization, crystals formed in the bulk solution are
transported to the membrane surface. In case of surface crystallization, crystals are formed on the
membrane surface followed by a sequence of crystal growth,86-89

Although membrane filtration has been extensively studied since its advent, it remains unclear
which pathway of crystallization dominates in scaling formation. In addition, there are conflicting
studies that suggest the dominance of specific crystallization over the other. Some researchers
believe that bulk crystallization governs the membrane scaling because heterogeneous

crystallization models fail to explain the patterns for flux decline and scale growth. However, other
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researchers believe surface crystallization is more critical pathway of scaling formation due to
longer induction time of bulk crystallization than the residence time in the membrane module.®
The most abundant scaling species in the desalination process are calcium carbonate (CaCO3)
and calcium sulfate (CaSOs4), while small amount of strontium sulfate (SrSQO4), barium sulfate
(BrSOg4), and silicate are also identified. In seawater desalination process, CaCO3 is a primary
scaling species, while both of CaCO3 and CaSQO4 are primary constituent of mineral scale in the

brackish water desalination process. 913

1.4.1.4 Biofouling

When the loss of membrane performance is caused by the membrane surface covered by
biological foulant (such as carbohydrates, micro-organisms, cell debris, etc.), the fouling event is
labeled as biofouling. Biofouling includes the process of attachment, growth, and metabolism of
biological materials on the membrane.

Among other type of membrane fouling, biofouling has been regarded as the most serious
problem. It has previously reported that more than biofouling accounts for around 50% of entire
membrane fouling occurred in NF and RO membranes treating surface water and wastewater. In
addition, biofoulant, unlike other foulants, has a characteristic of self-replication under the
favorable environment to cell metabolism. Traditional biofoulant encountered in memebrane-
based water treatment facilities include proteins, carbohydrates, cells, and biofilms.%*%

Although there could be multiple detailed steps to describe the occurrence of biofouling on the
membrane surface, the procedure can be essentially presented as two major stage process:
conditioning and growth. During the initial stage, deposition of conditioning film (such as organic

molecules) cause pore blocking and solute adsorption onto the membrane surface. Then, cell
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proliferation takes place, followed by production of extracellular polymeric substances (EPS)
which accounts for more than 90% of total dry mass in biofilms. The EPS makes the fouling layer
become more irreversible, as well as protects the cells from antibacterial agents. The EPS consists
of proteins, nucleic acids, polysaccharides, and lipids.**

rane

1.4.1.5 Concentration Polarization

Membrane fouling is one factor that reduces water permeation through a membrane. Another
factor that causes a permeation reduction is an accumulation of ions near the membrane surface,
resulting in a region where concentrations of solute are higher than that in the bulk. Thus, osmotic
pressure near the membrane surface becomes greater than the pressure in the bulk, resulting in a
greater driving force (i.e., concentration gradient) of back diffusion to the bulk. This phenomenon
is called concentration polarization which inevitably occurs in the pressure-driven membrane
filtration processes. Membrane fouling and concentration polarization have an interrelationship
and are often synergetic when both are present simultaneously. For instance, membrane scaling
can be promoted due to presence of concentration polarization where concentrations of scaling
ions could exceed their saturation level. Another example is organic fouling facilitated by
concentration polarization. Higher concentration of Ca?* ions in the concentration polarization

region could encourage organic fouling by bridging organic molecules with Ca?* ions.%%8

1.5 Solutions to Tackle Challenges in Membrane Filtration

1.5.1 Pretreatment of feed water
Pretreatment of feed water is a widely employed method to reduce the tendency of membrane

fouling, resulting in an extended lifespan of membrane. Since there are various pretreatment
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technologies, single or combined treatments must be reasonably chosen based on a target foulant
in the source water.

Conventional pretreatment methods include coagulation, disinfection, and media filtration.
Coagulation and flocculation can be applied to remove suspended solids and colloids in feed water,
resulting in reduced colloidal fouling on membrane surface. For biofouling prevention, oxidizing
agent (such as chlorine) can be injected to the feed to inactivate aquatic organism. Granular media
filtration can also be applied to remove suspended solids, as well as microorganisms and other
contaminants in the water. Pretreatment with UF/MF membranes are relatively new and gaining a
lot of interests due to their nearly 100% particulate removal efficiency.

To minimize mineral scaling, scale inhibitor and feed water acidification are commonly used

during desalination process.

1.5.2 Electrically conducting membranes

Electrically-conductive membranes are relatively new, and gaining interests owing to their
versatile applications. Most common approaches to fabricate electrically-conducting membranes
include modification of a porous substrate with electrically conductive materials and incorporation
of mesh electrodes on conventional membranes. Electrically conductive materials for substrate
modification can be carbon cloth, stainless steel, polyaniline, graphene, and carbon nanotubes
(CNTs). 10

When electrically-conductive membranes are operated with cathodic potentials, the charge
density (i.e., negative charge) on the membrane surface can be significantly enhanced, resulting in
a stronger repulsion of negatively charged NOM. Similarly, with relatively low cathodic potentials,

charged organic molecules can be pushed away from the membrane surface by electrophoretic

22



effect, resulting in organic fouling mitigation. Organic foulants can also be degraded by
electrochemical oxidation. When cathodic potentials are applied on electrically conducting
membranes, reactive oxygen species such as H.O, or OH radical can be generated.10%:1%2
Electrically-conductive membranes are also effective to mitigate inorganic membrane scaling.
W. Duan et al. previously reported a gypsum scaling prevention on CNT-RO membranes with 1.5
V anodic potentials. In the same study, electrochemical cleaning of calcium carbonate that was
formed on the membrane surface was conducted, and effectively recovered the performance of
membrane. L. Tang et al. also reported silica scale mitigation on electrically-conductive membrane
distillation (MD) membranes. By applying cathodic potentials (constant 20 mA) intermittently,
water electrolysis was facilitated, resulting in high-pH environment that can redissolve silica
scaling formed on the membrane surface. In the most recent study, U. Rao et al. reported
electrically-conductive MD membranes with alternating current can significantly reduce the
formation of gypsum on the membrane surface. The proposed mechanism was by switching the
polarity of electrodes, there was no sufficient time for co-location of ion-pairs that forms inorganic
scaling. In the same study, with elevation of pH, silica scaling formation was also significantly

mitigated by the application of alternating current.'%3-10

1.6 Research Objectives

In this dissertation, the overall objective was to optimize and improve pressure-driven
membrane process that is used for desalination.

Chapter 2 reported a chemical-free approach to enhance boron removal efficiency during
seawater desalination by employing electrically-conductive RO (ECRO) membranes. In sweater,

boron exists in the form of electrically-neutral boric acid at pH of seawater (~8.5). Therefore,
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typical RO membranes have relatively poor rejection of boron during the seawater desalination,
resulting in the use of alkaline chemicals to convert boric acid to borate that is negatively charged.
This process comes with a huge price tag due to increase in operational cost and capital cost.
However, local pH modification by ECRO membrane provided an economical approach to
enhance boron rejection without any assist of chemical dosage.

Chapter 3 explored multiple water treatment technologies that are widely adopted during
groundwater desalination. Since no single treatment technologies can stand alone to produce
potable water during groundwater desalination, multiple pretreatment options such as coagulation
and media-filtration were investigated and combined with membrane filtration to produce potable
water that meets United States Environmental Protection Agency (USEPA) drinking water
standard. Various water quality parameters were monitored, and economical model was finally
employed to identify optimized the groundwater desalination treatment train.

Chapter 4 investigated an impact of frequent polarity reversal on membrane scaling formation
on electrically-conductive NF (ECNF) membranes. Membrane scaling is of great interest since it
could significantly reduce the membrane performance (water permeation flux and salt rejection).
ECNF membrane that was fabricated with an incorporation of carbon nanotubes under polyamide
layer yielded significantly reduced the formation of scaling on the surface of ECNF under the
condition of alternating current (i.e., 4 Vpp and 1Hz). ECNF was firstly tested with synthetic
brackish groundwater, and then the application was further extended to natural groundwater that
has more complicated water matrix. The impact of alternating current on scaling formation was
monitored by the trend of water permeation flux and salt rejection of membrane.

In chapter 5, conclusions from the above chapters and future research directions are discussed.
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Chapter 2.

Enhancing Boron Rejection on Electrically
Conducting Reverse Osmosis Membranes
Through Local Electrochemical pH

Modification
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2.1  Summary

Reverse-osmosis (RO) has become a prevailing technology for seawater desalination. While
RO removes the majority of ions in seawater, the removal of small, uncharged contaminants
remains challenging. Boron existing as uncharged boric acid (B(OH)3) in seawater is partially
removed during the RO process, requiring further treatment if the desalinated seawater will be
used for certain crop irrigation. Boron removal efficiency is significantly improved under a high
pH condition where non-charged B(OH)s: turns into negatively charged borate (B(OH)s).
Therefore, RO desalination plants often exploit a double-pass configuration, where the pH of the
RO permeate from the first pass is chemically increased above the pKa of B(OH)3, and is treated
again using RO membrane (the second pass). Although this process can achieve high boron
removal efficiency, it incurs substantial operating and capital costs. In this study, commercial RO
membranes are coated with carbon nanotubes forming an electrically conducting, porous layer.
We explore the impact of applied cathodic potentials on boron and salt rejection, membrane flux,
and fouling. We demonstrate that applying cathodic potentials can elevate the near-membrane pH,
which dramatically increases boron rejection. However, the higher pH results in membrane scaling

(Mg(OH)>), although the formed scaling does not dramatically reduce membrane flux.
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2.2 Introduction

As water demand increases and conventional water supplies shrink, global attention is being
directed towards the utilization of alternative water resources such as greywater, wastewater, and
seawater.1%197 As a result there has been increasing emphasis on lowering water consumption in
dry regions as well as minimizing environmental impacts due to nutrient runoff into watersheds.
Furthermore, the large volumes of available seawater coupled to consumer’s acceptance, makes
desalinated seawater, in particular, an attractive source of drinking water.2 110 Therefore,
reexamination of technologies for reclaiming and reusing contaminated water for agricultural use
is increasing in importance. Reverse osmosis (RO) is the fastest growing seawater desalination
technology because of its excellent salt-rejecting capabilities and high energy efficiency.!*11? As
a result, RO desalination accounts for more than 60 % of global desalination capacity.®
Human consumption of desalinated seawater is often the first step along the long road desalinated
seawater takes. Once the desalinated seawater is used for municipal purposes (the largest use of
desalinated sweater), it is typically discharged as wastewater, which undergoes further treatment
before it is either discharged into the environment or reused.'® In many parts of the world, and
increasingly in parts of the United States (such as Southern California), wastewater is reused for
various applications, with irrigation being a primary use.''* An extreme example is Israel, which
reuses more than 80% of its wastewater to provide 50% of its irrigation needs, with a large fraction
of this water being produced through RO seawater desalination.** A similar condition exists in
other parts of the Middle East and North Africa, such as Irag, Kuwait, and Saudi Arabia.!5

Although modern RO membranes exhibit excellent ion rejection (monovalent ion rejection

levels are in excess of 99.9% in well-operated plants), the rejection of small, uncharged molecules

remains a challenge.'!"*® Boron is one of the constituents of concern during seawater desalination.
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While the toxicity of boron to mammals is not a concern considering the low concentrations in
seawater (4-5 mg/L), certain crops (e.g., citrus) are highly sensitive to boron. Because of this
sensitivity, it is recommended that boron concentrations in irrigation water be below 0.5
mg/L.10%11%-121 Typical rejection levels of boron by RO membranes is 40 — 80%, resulting in RO
permeate concentrations that exceed the recommended concentration for irrigation.'%22-124 Tg
reduce boron concentrations in RO treated seawater, wastewater generated from desalinated
seawater is blended (i.e., diluted) with wastewater from other, non-boron containing sources (such
as river water).!?> However, if the wastewater is composed of primarily desalinated seawater,
irrigation with this water becomes problematic. With seawater desalination becoming an
increasingly large component of drinking water, and as a result, in reclaimed water for irrigation,
the presence of boron in desalinated seawater could become a problem in certain parts of the
world.*?6127 Critically, it is important to note that standard wastewater treatment processes do not
effectively remove boron.*??28 |n addition, other streams, including certain groundwater and
industrial wastewater, may have elevated boron concentrations that are significantly higher than
seawater. For example, groundwater in Michigan was found to have boron concentrations in excess
of 6 mg/L, and wastewater derived from palm oil manufacturing showed concentrations as high as

15 mg/L 129130

Boron in seawater (pH 8) is found in the form of boric acid (B(OH)s), which is a small, polar,
uncharged molecule (very similar to water). 33132 Since boric acid is a weak Lewis acid, increasing

the pH to a point above its pKa transforms boric acid to its negatively charged counterpart, borate:

133

B(OH)3 + H,0 = B(OH)4 + H* (pKa = 9.23)
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Although boron can exist as a polynuclear species (e.g., B2O(OH)s>) at higher concentration (>

216 mg/L), these conditions are not typically relevant during seawater desalination.?*

Polyamide-based RO membranes rely on a combination of charge- and size-based exclusion
mechanisms to remove contaminants from water '8, Because these membranes are designed to
allow water (a small, polar, non-charged molecule) to pass through the membrane, they are
inefficient at rejecting contaminants with similar properties, such as boric acid. Therefore, if boric
acid can be transformed into borate, the rejection of this species increases significantly; when the
pH of the feed solution was increased to 11, borate rejection reached levels as high as 99%,1231%4
To remove boron from seawater, a strategy known as double-pass RO is commonly used. In this
process, seawater is treated by a seawater RO (SWRO) membrane; the permeate (i.e., permeate
from the first pass) is first treated with alkaline chemicals to increase the pH, and then treated again
using brackish water RO (BWRO) membranes (the double-pass).1%%% Increasing the pH of
seawater during the first pass is limited by inorganic scaling from compounds such as brucite
(Mg(OH)).1*%13" The double-pass strategy eliminates this concern, as divalent cations (such as
Mg*2), which are largely responsible for scaling, are removed in the first pass. However, the
double-pass strategy incurs a heavy energy and chemical usage penalty *81%°, The use of BWRO
membrane in the second stage, instead of SWRO membrane, reduces the amount of energy
consumption caused by an additional RO step since the energy requirement of BWRO is smaller
than that of SWRO. Thus, an alternative method that allows for effective boron removal from
seawater could significantly lower the cost of seawater desalination when this water could be

reused for irrigation.

Electrically conducting membranes represent a new class of membrane materials with the

ability to facilitate electrochemical reactions on the membrane surface.’*! These membranes are

29



made conductive through the inclusion of a percolating network of carbon nanotubes (CNTSs) into
the membrane structure. Several classes of electrically conducting membranes have been
fabricated in this way, including RO, nanofiltration (NF), ultrafiltration (UF), and membrane
distillation (MD).14>"14 Because of their electrical conductivity, these membranes can be used as
anodes or cathodes in electrochemical systems; a counter electrode needs to be placed somewhere
in the system, typically above the membrane with a mesh spacer separating them. When the
membrane is used as a cathode and connected to an external potential source, water electrolysis

can be facilitated on the membrane surface:

2H,0 + 2e~ © H, + 20H™
Depending on the applied potential, the surface pH along the membrane can be increased to greater
than 13.1*° By raising the pH along the surface of an RO membrane to above boron’s pKa, it is
possible to transform boron to its charged form (B(OH)4"), which will enhance its rejection by the

membrane.

In this project, electrically conducting RO membranes were fabricated using commercially
available SWRO membranes by depositing a percolating network of CNTs onto their surface. The
membrane was connected to an external potential source and used as a cathode, with an anode
(platinum-coated titanium wire) placed 3 mm above the membrane surface in a modified RO flat-
sheet module. Various potentials were applied to the membrane and counter electrode (0 -5 V cell
potential) and the associated impact in boron concentration in the permeate was analyzed. In
addition, the impact of the applied potential on membrane scaling, membrane flux, salt rejection,

and permeate quality was analyzed.
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2.3 Materials and Methods
2.3.1 Materials

Carboxylated multi-walled carbon nanotubes (CNT-COOH) were purchased from Cheap
Tubes (length 10-30 um and radius < 8 nm). RO membranes (RO4) were used in all experiments
(Nanostone  Water Inc., Oceanside, CA). Atrtificial seawater (AS), sodium
dodecylbenzenesulfonate (NaDDBS), sodium chloride (NaCl), azomethine-H (~95%), ammonium
acetate (=98%), ethylenediaminetetraacetic acid disodium salt dehydrate (EDTA), thioglycolic
acid (98%) and polyvinyl alcohol (PVA, M.W. 146,000 -186,000) were purchased from Sigma-
Aldrich and used as received. Detailed information provided by a manufacturer on the constituents

AS are listed in Table 1.

Table 2.1. Concentration of ions in artificial
seawater
. Concentration
Constituent (mg/L)
Chloride 19,000 — 20,000
Sodium 1,0700 — 11,000
Sulfate 2,660
Potassium 300 - 400
Calcium 400
Carbonate 140 — 200
Boron 5.6
Magnesium 1,320
Strontium 8.8
Insoluble matter <0.05%
Trace elements <0.5

In order to achieve the concentration depicted in Table 1, 38 g of AS salt was dissolved in 1L
of deionized water (DIW). L(+) Ascorbic acid (99%) was purchased from Acros and used as
received. 10.0 N sodium hydroxide (NaOH), acetic acid and boric acid were purchased from Fisher

Scientific.
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2.3.2 Membrane fabrication

Alr 4
/011/

CNT / PVA solution

Aerosolized
solution

Commercial RO membrane

The fabrication process of electrically
conducting RO membranes followed the
following method: 1 wt% of PVA solution was
prepared by dissolving 1 g of PVA in 100 mL of
DIW with heating and stirring. To make a 1 wt%
CNT-COOH suspension solution, 1 g of CNT-
COOH and 10 g of NaDDBS in 1 L of DIW were
sonicated for 30 minutes. Then, the CNT-COOH
suspension solution was deposited onto the RO
membrane using an air brush spraying method to
a final thickness of approximately 2 um (Figure

1). Then, a single layer of 1 wt% PVA solution

was spray-deposited to ensure that the CNT layers are anchored to the membrane surface. The

composite membrane material was then washed with DIW and dried at 90 °C for 10 minutes.

Figure 2.1 Illustration of spraying-assisted CNT

and PVA deposition onto a commercial RO
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2.3.3 Analytical methods

Boron concentrations were monitored using a colorimetric method (azomethine-H method).'46
In brief, 0.9 g of azomethine-H and 2 g of L(+) ascorbic acid were dissolved in 100 mL of DIW,
and stored in the dark. In order to prepare a buffer-masking solution, 250 g of ammonium acetate
were dissolved in 500 mL of DIW and then 125 mL of acetic acid, 6.7 g of EDTA, and 60 mL of
thioglycolic acid were added while mixing. All of the solutions for Azomethine-H method were
stored in a plastic bottle in order to prevent boron leaching from laboratory glassware made of
borosilicate glass.}*” To a 5 mL of sample requiring analysis, we added 4 ml of the buffer-masking
solution, and 2 ml of azomethine-H solution, which were mixed in the dark for 1 hour. Boron
concentrations were quantified using a UV-vis spectrophotometer (PerkinElmer, Lambda 365) at
410 nm. Sodium concentrations were measured using inductively coupled plasma-mass
spectrometry (ICP-MS, PerkinElmer, NexION 2000). Chloride concentrations were measured
using ion chromatography (IC, Thermo Fisher, Dionex Integrion HPIC). pH and conductivity were
measured using a benchtop pH meter (Thermo Scientific, Orion 720A) and a portable conductivity
meter (Orion A321).

In order to characterize the membrane surface, a scanning electron microscopy (SEM, ZEISS,
Supra 40VP) equipped with an energy-dispersive X-ray detector (EDAX), atomic force
microscope (AFM, Brunker, FastScan), and a contact angle goniometer (Rame-hart, model 250)
were employed. Membrane conductivity was measured using a 4-point conductivity probe
(Mitsubishi, MCP-T610). The electrochemical properties of the membrane (open circuit potential,
surface potential, and cyclic voltammetry) were determined using a potentiostat (CH Instrument,

CHI600e)
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2.3.4 Design and Operation of RO system

A process diagram of the RO filtration system employed in this work is illustrated in Figure 2.

Real-time monitoring of pressure, pH of feed and permeate streams, conductivity in permeate,

current and voltage was performed using open-source custom-built software. 48

A membrane coupon with an effective area of 0.004 m? (8 cm x 5 cm) was placed in a flow cell

and compressed with DIW until stable permeate flux was achieved. Then, the feed tank was filled
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by a model solution (NaCl or AS
solution) and 0.1 N of NaOH was
continuously injected into the feed to
maintain pH 8. The pressure in the
system was constantly held at 500 psi
throughout this research. The system
was operated at 2.33 cm/s which
corresponds to a Reynolds number of
79. Experiments were conducted in

concentration mode, i.e., the

Voltage in a range of 0 to 5 V cell potential was applied to the electrically conducting RO

membranes and a counter electrode, which was prepared by sputter-coating platinum (Pt) on a

titanium (Ti) wire. Each experiment was conducted with a new counter electrode. Water samples

(15 mL) were collected from the feed tank and permeate stream after 1 hour of each voltage

Figure 2.2. Schematic diagram of RO filtration system.

The solid line represents water flow; the dashed-line

represents
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samples were measured as soon as sample collection was done.
To investigate whether membrane scaling could be reversed, acid cleaning was performed
using 10 mM hydrochloric acid (pH 2) after 33 hours of treating AS. The same cross-flow velocity

was applied during the chemical cleaning process. The acid cleaning was performed for one hour.

2.4 Results and discussion

2.4.1 Membrane characterization

Pristine RO membranes exhibited a flux of 30.04 £ 1.80 LMH (pure water), 5.17 £ 0.06 LMH
(35 g/L NaCl + boron mixture), and 5.53 + 0.24 LMH (AS solution), while CNT-coated
membranes exhibited a flux of 33.37 + 1.18 LMH (pure water), 5.66 + 0.16LMH (35 g/L NaCl +
boron mixture), and 5.23 £ 0.14 LMH (AS solution), demonstrating that the addition of the porous
CNT layer did not dramatically impact membrane flux. When the 35 g/L NaCl + boron mixture
was used as a feed, pristine RO membranes and CNT-PVA-coated membranes exhibited 96.87 +
2.28% and 96.69 + 1.27% of salt rejection, respectively. This value is lower than the 99.5% that
was reported from the manufacturer. It should be noted that experiments were conducted with a
35 g/L of NaCl + boron mixture at 500 psi in this study while manufacturer tested membranes with
32 g/L of NaCl at 800 psi. For boron rejection, pristine RO membranes and CNT-PVA coated
membranes exhibited 74.83 + 0.70% and 63.99 + 2.12% rejection, respectively. When the AS

solution was used as a feed, pristine RO membranes had 98.55 + 0.57% of initial salt rejection and

(a) 3&(; P 754.8 nm

g/ 889.0 nm

754,8 nm

I 767.1 nm

/ LR
Figure 2.3. (a)AFM images of RO and (b) CNT-PVA-deposited membrane (5 um by 5 um of scan area).
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81.30 + 3.08% of initial boron rejection, while CNT-PVA-coated membranes exhibited 98.07 +
0.90% of initial salt rejection and 77.58 + 0.20% boron rejection. It is unclear why boron rejection
by the uncharged CNT-PVA membrane is lower than the pristine RO membrane, particularly since
the salt rejection and water flux were nearly identical.

Pristine RO membranes had relatively flat surface morphology compared to the rough surface

of CNT-PVA-coated membranes (Figure 3a,c). Cross-sectional SEM images of the CNT-PVA-

' @ W o W ©

26.19+2.93° §110.08+1.11°f 31.00+ 1.87°

Figure 2.4. (a) Contact angle measurement of RO, (b) CNT only deposited, and (c) CNT-PVA-

deposited membranes.
coated membrane confirmed that the membrane had a ~2 um thick CNT layer (Figure 3d). Surface

roughness of the pristine RO and CNT-PVA-coated membranes were investigated using AFM
(Figure 4a,b). Pristine RO membranes showed 63.83 + 33.31 nm of root-mean-square (RMS)
roughness while CNT-PVA-coated membranes showed 138.0 £ 31.75 nm RMS roughness.

Contact angle measurements were conducted to obtain an insight into the surface hydrophilicity
of the membranes (Figure 5a - ¢). Pristine membrane showed a contact angle of 26.19 + 2.93°. The
RO membrane coated with only CNTs, had a contact angle of 110.08 + 1.11°, even though the
CNTs were functionalized with -COOH groups, although the content of -COOH group was only
7 %. However, this surface hydrophobicity was significantly reduced to 31.0 + 1.87° by coating a
PVA layer on top of the CNTs. Based on the 4-point conductivity probe measurements, the CNT-

PV A-coated membranes had a sheet resistance of 61.63 + 7.49 Q/[.
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Table 2.2 Contact angles of pristine, CNT-only and CNT-PVA RO membranes

Type of Pristine RO | CNT-only RO CNT-PVA
membrane RO
Contact angle (°) | 26.19 + 2,.93° | 110.08 + 1.11° | 31.0+ 1.87°
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Figure 2.5. (a) Boron rejection and permeate pH as a function of the applied cell potential with
NaCl + boric acid feed. (b) Salt rejection as a function of the applied cell potential. (c) Na* rejection
as a function of the applied cell potential. (d) Normalized flux of NaCl + boric acid mixture with

5V cell potential (triplicate runs).

In order to measure surface potential of CNT-PVA-coated membranes, open circuit potential
measurements against a Ag/AgCl reference electrode were conducted in two model solutions (35
g/L NaCl + boric acid mixture and AS solution) while an external potential was applied to the
membrane/counter electrode. When no voltage was applied, CNT-PVA-coated membranes had
relative surface potentials of 0.24 + 0.06 V in 35 g/L NaCl + boron mixture, and 0.29 £ 0.04 V in
AS solution (Figure Sla). As the applied cell potential increased, the membranes showed
increasing surface potentials vs. Ag/AgCl, reaching -1.71 £ 0.06 V vs. Ag/AgCl in 35 g/L NaCl +
boron mixture and -1.71 + 0.04 V vs. Ag/AgClI in AS solution when a cell potential of 5 V was
applied (Figure Sla). Cyclic voltammetry (CV) was employed to observe electrochemical
reactions on the membrane surface. Potentials ranging from 1.0V to -2.0 V vs. Ag/AgCl were

applied to a PVA-CNT-coated membrane in 35 g/L NaCl + boron mixture and AS solution. As
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can be seen (Figure S1b), an electrochemical reaction (i.e., water electrolysis) occurred at

potentials as low as -0.4 V vs. Ag/AgCl in both solutions.

2.4.2 Performance of electrically conducting membranes using NaCl + boron

To mimic the level of total dissolved solids (TDS) in seawater, 35 g/L of NaCl along with 5
ppm of boron was first used to test boron rejection on CNT-PVA coated RO membranes. The
application of an electrical potential increased boron rejection, with increasing potentials leading
to higher boron rejection (Figure 6a). Boron removal efficiency at 5 V cell potential was 90.05 +
0.95%, while the rejection without potential was only 63.99 + 2.12%. The enhancement in boron
rejection is a result of the elevated local pH along the membrane surface brought about by water
electrolysis when an applied potential was greater than 1.2 V, with higher potentials leading to
more OH" generation and higher pH. Since OH" ions have a smaller stokes radius (0.46 A ), they
can easily penetrate RO membranes.**® Therefore, a high permeate pH (10.83) at 5 V cell potential
was observed compared to the pH at 0 V (6.55) (Figure 6a). The CNT-PVA-coated RO membranes
exhibited 96.68 + 1.27% of initial salt rejection at 0 V (Figure 4b). However, the rejection
gradually decreased when the applied potential increased. At the end of experiments, 92.65 + 0.93%
of salt rejection was observed at 5 V cell potential (Figure 6b). ICP-MS and IC measurements of
Na* and CI concentrations in the permeate show that the rejection of both ions declined with
increasing applied potentials (Table S1). While the “sodium pump” effect may be responsible for
a small part of the observed decrease in Na* rejection, it is not capable of explaining the majority
of the decline. To confirm whether this drop in rejection was a result of damage to the RO
membrane, we continued to measure salt and Na* rejection once the applied potential was stopped

(Figures 6b,c). As can be seen, salt rejection recovered to 96.18 + 0.25%, and boron rejection
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declined to 63.99 + 2.12%, indicating that no significant damage was sustained by the RO
membrane.

Over the 9-hour period where voltage was applied (from 0 to 5 V cell potential), a 10% flux
decline was observed (Figure 6d). We attribute this flux decline to the increasing salt
concentrations in the feed stream, as the system was operated in concentration mode, and no

obvious fouling agents were present in the feed.

2.4.3 Performance of electrically conducting membranes using artificial seawater
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Figure 2.6. (a) Boron rejection and permeate pH over time and as a function of cell potential while treating
a solution of AS. (b) Salt rejection as a function of cell potential and time. (c) Normalized flux as a function

of time and applied potential.

The same experimental procedure used for the NaCl + boric acid solution was applied to
towards the treatment of AS. However, the duration of membrane filtration (33 hr) was extended
to monitor the formation of scaling on the surface of the membrane. Compared to boron rejection
in the NaCl solution, the membranes exhibited approximately 14% higher boron rejection (77.58
+ 0.2%) when no voltage was applied. However, in general, a similar trend of boron removal
efficiency was observed when AS solution was used as a feed, with increasing boron rejection

corresponding to increasing applied potentials (Figure 7a). At 5 V cell potential, an average boron
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rejection of 93.31 + 0.53% was achieved. Boron rejection declined slowly over time, although the
exact reason why remains unclear. It is possible that scale development on the membrane surface
contributed to this phenomenon. Unlike the trends in permeate pH observed in the pure NaCl
solution (Figure 6a), changes in permeate pH while treating the AS solution were slow to appear
(Figure 7a). It is likely that the buffering capacity of the solution, a result of dissolved bicarbonate,
reduced the presence of free hydroxide ions. However, as the experiment progresses, and scaling
occurred (see discussion below), carbonate was consumed (to form CaCO3), and the buffering
capacity diminished, which led to the observed temporal changes in pH. The overall salt rejection
of the membranes showed an average of 98.07 + 0.73% at 0 V (Figure 7b). Although salt rejection
from the NaCl + boric acid mixture declined with an increasing potential (Figure 4b), salt rejection
of AS improved as soon as 5 V cell potential was applied (Figure 7b). However, salt rejection did
decline over time. Over the course of a 33-hour treatment period, flux through uncoated and CNT-
PVA coated RO membranes (without voltage applied) declined to 49.25 + 8.95% and 47.30 +
0.85%, of their initial value, respectively (Figures S2a,b). Over the same time period, flux of CNT-
PVA coated RO membranes with applied potentials declined to 40.84 + 3.83% of its initial value
(Figure 7c¢). It should be noted that experiments were conducted in concentration mode. Therefore,
some of the flux decline can be attributed to higher salt concentrations in the feed stream (i.e.,
higher osmotic pressure). In order to confirm this, flux of CNT-PVA coated RO membranes in a
fresh AS solution and a concentrated AS solution was measured. With a concentrated solution, the
membrane exhibited 68.15 + 1.99% of relative flux to the fresh AS solution (Figure S3a). While a
larger average flux decline was observed when 5 V cell potential was applied, the decline was not
dramatically worse than the controls. That being said, it is likely that the increased flux decline

observed under the 5 V conditions is a result of slightly more severe mineral scaling brought about
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Figure 2.7. (a) The surface of electrically conducting

membrane after 33 hours of operation; (b) The surface of
electrically conducting membrane after acid cleaning; (c)
SEM image of brucite scaling on the membrane surface; (d)
SEM image of membrane surface after cleaning by acid; (e)
EDAX analysis of scaled membrane surface; (f) EDAX

analysis of acid-cleaned membrane surface.

by the high pH along the membrane
surface.  Observation of the
membrane after the experiment
showed a surface covered by mineral
scale (Figure 8a). The scaled surface
was investigated using SEM and
EDAX: SEM images reveal large
crystal structures, as well as a
cracked coating on the CNT layer
(Figure 8b); EDAX analysis of the
surface showed that the surface
deposits were largely composed of
magnesium (Figure 8c). This data is
consistent with the presence of
Mg(OH)2, which readily forms at
high pH.

In an attempt to recover

membrane flux post-scaling, the scaled membrane was cleaned using an acid solution (10 mM

HCI) for one hour. After acid-cleaning was conducted, boron rejection by electrically conducting

membranes without a potential (77.25 + 1.01%) was identical to its initial rejection value (77.58 +

0.2%). However, salt rejection without a potential decreased from its initial value, from 98.07 +

0.90% to 93.93 + 1.61%. Again, it should be noted that the experiments were conducted in

concentration mode, where the higher feed concentrations of the feed lead to lower salt rejection.
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This was also confirmed by comparing the salt rejection of CNT-PVA coated membranes (with no
potential) with a fresh AS and a concentrated AS solution. With a concentrated AS solution, the
membrane exhibited 96.29 + 0.52% salt rejection, while the membrane achieved 99.33 + 0.10%
rejection with a fresh AS solution (Figure S3b). However, because the boron rejection values did
not change, we can carefully conclude that the underlying RO membrane did not sustain any
significant damage during the treatment or cleaning process.

Images of the membrane surface post acid cleaning show the process removed the vast majority
of mineral scale (Figures 8d,f). EDAX analysis of the membrane surface post cleaning showed
that the dominant atomic species were sulfur and oxygen, which can be attributed to the sulfonate
groups on the polysulfone support of the RO membrane (Figure 8f); we confirmed this by
analyzing the uncoated and a pristine PVA-CNT membrane, which showed an identical EDAX
elemental signature (Figures S4a,b). The acid cleaning restored membrane flux to 64.24 + 4.51%
of its initial value. Importantly, the feed during this part of the experiment was the concentrated
AS generated during the previous part of the experiment (i.e., while voltage was applied). A
pristine CNT-PVA membrane used to treat this feed exhibited a flux that was 68.15 + 1.99% of
the flux generated while treating a fresh AS solution, demonstrating that acid cleaning was indeed

successful at recovering membrane flux (Figure S3a).

2.4.4 Cost analysis of boron treatment using CNT-PVA coated RO membranes

In RO-based seawater desalination, the main costs of the process can be divided into two main
categories: capital and operational costs. These two costs can vary depending on a number of
factors such as the scale of the plants, the configuration of desalination process, the types of

membranes used, the quality of feed and product water, etc..1%61402%0 Therefore, care must be taken
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when comparing water production costs between different processes. However, with some
assumptions, insight into the economic benefit of one process over the other can be obtained.

It was reported that the total costs associated with a single-pass RO desalination plant range
between 0.38 — 0.52 $/m® of product water.?®1'152 Feed water containing between 4 — 5 mg/L of
boron treated by a single-pass RO process, results in a final boron concentration ranging between
0.8 — 1 mg/L. We used a software tool designed by DOW FILMTEC, called Reverse Osmosis
System Analysis (ROSA), to simulate boron removal in a single-pass RO system. With a
conventional pretreatment option (assuming a silt density index < 5), and standard operation
condition (i.e., 800 psi of pressure), 1.26 mg/L of boron was expected to remain in the treated
water when seawater having the same composition of ions listed in Table 1 was treated at pH 8.5;
the estimated boron concentrations in the final product estimated by ROSA was fairly close to the
reported value of 0.8 — 1 mg/L. On the other hand, if the pH of the feed stream was increased to
9.7, ROSA predicted that boron concentrations in the permeate would decline to an acceptable
0.38 mg/L. The estimated consumption of NaOH (100%) to increase the pH to this level was 94.85
g/m®. Considering the price of NaOH (100%) is $0.72/Kg, the addition of NaOH required to
elevate pH 9.7 solely adds $0.1366/m? of product water.*° In contrast, the CNT-PVA coated RO
membranes consumed only 0.015 kWh/m? which corresponds to $9.87 x 10 /m? (assuming an
average price of industrial electricity in the United States of $0.0658/kWh as of June of 2019).
Assuming an average flux of 15 LMH, the energy consumption translates into an additional cost
of $0.0658/m? of treated water, which ~50% less than the cost of a pH-modified single-pass RO

system.
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2.5 Conclusion

In this work, the performance of an electrically charged CNT-PVA coated RO membrane was
evaluated in terms of boron removal, salt rejection, and membrane flux using two model solutions
(35 ¢g/L NaCl + boric acid, and AS). Unlike conventional SWRO processes, no chemical pH
adjustment was used, yet over 90% of boron removal was achieved when 5 V cell potential was
applied to the CNT-PVA coated RO membranes in both model solutions. This enhancement was
achieved through locally modified pH on the membrane surface when electrical potentials were
applied. However, active generation of OH™ ions on the surface of CNT-PVA coated RO
membranes caused Mg(OH)2 scaling, which led to flux decline. Acid cleaning was able to restore
membrane flux, which demonstrates that while scaling does occur, it is not an insurmountable
problem during seawater desalination. performed and flux recovery was observed. Since a double-
pass system is commonly used to eliminate boron in desalination plants, utilizing CNT-PVA
coated RO membranes may be an economical choice which does not require an additional RO unit.
If CNT-PVA coated RO membranes are employed in the seawater desalination process, $0.071/m3
(corresponding to 13.61 — 18.63% of water cost) would be saved compared to a single pass system
coupled with feed pH adjustment. However, it should be noted that other factors affecting water
production costs (e.g., the cost of chemical transport, implementational and operational cost of
chemical dosage and handling, the cost of CNT deposition ($2.34/m?), etc.) must be considered to
more precisely estimate and compare unit water production costs. Further research with regards to
the use of appropriate scaling inhibitor should be done in order to fully take advantages of CNT-

PVA coated RO membranes for efficient boron removal in seawater.
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Table S 2.1 Charge balance in the permeate

Applied Cations Anions SUM
potential H Na SUM OH Cl B(OH)4 SUM
oy | 912E-04 | 15.865 | 15.866 1%%5 15.712 | 7.748-05 | -1571 | 0.5
Ly | 989E-04|17.473 | 17.474 1'%155 17.094 | 7.88E-05 | -17.09 | 0.38
Ly | 767E-04| 18346 | 18.347 1%%5 18.329 | 8.99E-05 | -1833 | 0.02
oy | 202604 | 23617 | 23618 4'%555 23.696 | 1.66E-04 | -2370 | -0.08
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Chapter 3.

Evaluation and Optimization of Treatment
Technologies Treating Groundwater from
the Arbuckle-Timbered Hills Aquifer in

Oklahoma
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3.1  Summary

Modern groundwater treatment processes often consist of pretreatment, membrane filtration, and
disinfection steps. In order to achieve maximum water production and quality at the lowest possible
production cost, treatment trains should be rationally designed based on contaminants present in the raw
water, and the target application. In this study, synthetic and natural groundwater (obtained from the
Arbuckle-Timbered Hills Aquifer in SW OK) containing elevated concentrations of fluoride (F), arsenic
(As), iron (Fe), and total dissolved solids (TDS) were treated using a range of water treatment trains, with
the goal of producing drinking water. The impact of coagulant (Alx(SO.)s*18H-0, aluminum sulfate)
dosage, filtration media (quartz sand, manganese greensand, and activated alumina), and membranes (i.e.,
nanofiltration (NF) and brackish reverse osmosis) were investigated in terms of removal efficiency of target
contaminants. Then, a water reuse model was employed to determine the optimal treatment train
configuration and blending regime that maximizes quality while minimizing treatment cost. The water reuse
model determined that the optimal treatment train consists of aluminum sulfate coagulation, activated
alumina filtration, and NF, and has a capability to produce potable water that meets drinking water

guidelines at a production cost of $0.212/m?,

3.2 Introduction

Groundwater, which comprises 97% of global freshwater resources, provides more than 50% of
drinking water consumption around the world.t>**% Although groundwater is considered a reliable and
useful drinking water resource, it often contains elevated concentrations of both naturally and
anthropogenically-sourced undesirable ionic species such as F, As, and CI.2%6-1% Consumption of water
containing concentrations in excess of regulatory limits can lead to adverse health problems. For example,

consumption of drinking water with high concentrations of F can cause dental and bone fluorosis, although
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small amounts of F helps to prevent dental cavities.'*¢160161 Consumption of drinking water with large
amounts of As can cause skin, lung, kidney, and bladder cancer.¢%%2 Elevated CI concentrations in water
are not associated with adverse health effects (within reason), although elevated CI levels are associated
with an unpleasant taste.’®® In order to provide safe, potable water to communities, the concentration of
undesirable species in the source water should be mitigated by adopting appropriate water treatment
processes.

The conventional drinking water treatment process consists of coagulation, followed by sedimentation,
media-filtration, and disinfection.!®41%7 Pressure-driven membrane filtration systems, such as brackish
water reverse osmosis (BWRO) and nanofiltration (NF), are typically installed right before the disinfection
step and are used to remove small, ionic species, such as Na, Cl, or hardness. However, NF and RO
membranes cannot treat raw feed water, requiring pre-treatment that involves pre-filtration using looser
membranes (e.g., ultrafiltration) or media filters.'®”-1%° The choice of pre-treatment is often determined by
the specific feed water quality characteristics and desired % recovery, but is also dictated by the
manufacturer’s specifications that often revolve around turbidity (<1) NTU and silt density index
(<4).167,l70,l7l

In order to maximize water production that satisfies drinking water regulations and achieves the lowest
possible cost, optimization of the water treatment process should be made based on the contaminants
existing in the water resource. For example, S. Aoudj et al. compared defluoridation efficiency of two
coagulants: iron salt (i.e., Fe2(SO4)3) and aluminum sulfate. It was concluded that coagulation by aluminum
sulfate has a significantly higher F removal efficiency than by iron. In addition, F removal increased with
respect to aluminum concentration when in the optimal pH range of 6 - 7 12, Similarly, it was reported that
aluminum hydroxide (AI(OH)s) had a higher F adsorption capacity than iron hydroxide (Fe(OH)s).1"
Although aluminum sulfate coagulation is more effective for F removal, it was previously reported that
another iron salt, ferric chloride (FeCls), has a higher removal rate of As.1"417 Similarly, different filtration
media have superior removal efficiency for specific water contaminants. For instance, manganese

greensand (Grsand), which is glauconite greensand coated with manganese oxide, displays effective
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removal of iron (Fe), manganese (Mn), and hydrogen sulfide (H,S) from water 17618, Grsand manufacturers
also report its effectiveness in F and As removal. Another widely used filter media, activated alumina (AA),
is reported by the U.S. Environmental Protection Agency to be the best available technology for control of
As and F to meet drinking water regulations /%182, To achieve removal of many mono- and di-valent ions
(e.g., ClI,, SO42, Na*), membrane desalination (i.e., NF and RO) is often employed. In general, no single
treatment process will be sufficient to meet all water quality targets, which results in the use of treatment
trains, where each component of the train is used to remove specific targets. Ultimately, the choice of
treatment train components will be dictated by the desired final water quality and cost.

Regional water reuse decision-support model (RWRM) is a simple mathematical model that only
requires performance (i.e., removal rate of specific contaminants) and cost of unit processes in the treatment
train considered.’®? The RWRM was developed to identify the most economical treatment train that
produces product water that meets a variety of water quality targets. The most economical process design
is determined by adjusting the blending ratios between the effluent of each unit process through iterative
calculations.

The Arbuckle-Timbered Hills aquifer has the potential to serve as a source of potable water, but like
many groundwater aquifers has elevated concentrations of undesirable species — in this case, fluoride,
arsenic and total dissolved solids (TDS) that require treatment. In this study, a range of groundwater
treatment technologies were evaluated for the treatment of synthetic and natural groundwater, with the goal
of generating a drinking water-quality product. When the study began, natural groundwater was not yet
available, and a synthetic solution was made based on a geological survey conducted in 1970s.'8 However,
once natural groundwater was available, it was determined that its composition was somewhat different
(different concentrations of total organic carbon (TOC), turbidity, iron, alkalinity and chloride), requiring
a modified treatment approach. Aluminum sulfate was chosen as the coagulant to target the F and As ions
in untreated groundwater. Three different adsorbents (i.e., sand, Grsand, and AA) were used for media
filtration. NF and BWRO membranes were tested to compare their performance with regard to the quality

of final product water. By analyzing the water quality after each treatment step, the treatment train was
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optimized to produce potable water that meets drinking water standards, i.e., secondary maximum
concentration level (MCL). Data generated in the experiments was fed into the RWRM to determine the

optimal treatment train that generates the highest quality water at the lowest cost.

3.3 Materials and Methods

3.3.1 Feed water

The composition of the synthetic and natural groundwater is shown in Table S1. The concentrations
of synthetic groundwater constituents were determined from a geological survey conducted in 1970s.8 for
groundwater obtained from the City of Lawton, OK, which sits atop the Arbuckle-Timbered Hills aquifer.
Synthetic groundwater was prepared in the laboratory, with a composition that mimicked the natural
groundwater.

To prepare the synthetic groundwater, 4.86 g of sodium chloride (NaCl, Fisher Scientific), 0.82 g of
sodium sulfate (Na.SQs, Fisher Scientific), 0.24 mg of sodium metaarsenate (NaAsOs, Sigma-Aldrich),
29.60 mg of iron (I1) chloride (FeCl,, Sigma-Aldrich), 0.25 g of calcium chloride (CaCl»*2H,0, Sigma-
Aldrich), and 0.14 g of sodium fluoride (NaF, Alfa Aesar) were dissolved in 8 L of DIW. NaF was dried in
a vacuum oven (Thermo Scientific 3618 Vacuum Oven) before preparing a stock solution. The other
chemicals were used as received. Prior to experimentation, feed water was degassed with nitrogen gas (N>)
overnight in order to mimic the anoxic condition of the groundwater aquifer. However, it is possible that
under certain conditions (e.g., groundwater stored in open-aired equalization tanks), the water may become

oxygenated; Such an instance is out of scope in this study.

3.3.2 Groundwater treatment train

Raw groundwater is first treated by coagulation followed by sedimentation. Then, the supernatant is

treated by media-filtration (QS, Grsand, or AA). Last, effluent from the media-filtration column is filtered
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by a desalination membrane (NF or BWRO) until a target water recovery is achieved. Schematic process
diagram of the groundwater treatment train can be found in supporting information (Figure S1) Samples
after each treatment step were collected and ten water quality parameters of samples were monitored during

and after each treatment step.

3.3.3 Coagulation and sedimentation

Coagulation and sedimentation experiments were conducted using a standard jar tester (Phipps & Bird,
PB-700 Jartester), with aluminum sulfate used as the coagulant (Sigma Aldrich) and used as received. In
these experiments, a range of different aluminum sulfate loadings from 0 mg AI**/L to 50 mg AIP*/L with
increment of 10 mg AIF*/L (corresponding to 0 mg/L, 63 mg/L, 127 mg/L, 190 mg/L, 254 mg/L, and 317
mg/L as Alx(SO.)s) were added to water samples (1.25 L); in the synthetic groundwater experiments, the
pH of each solution was adjusted to 6.0 through the addition of 1 N sodium hydroxide (NaOH, Fisher
Scientific). Rapid mixing was carried out at 200 rpm for 1 minute, followed by slow mixing at 20 rpm for
15 minutes, and concluded by settling for 6 hours. After sedimentation, pH of the treated water was

measured. The testing of natural groundwater followed the same procedure but without the pH adjustment.

3.3.4 Media-filtration

Quartz sand (QS) and AA (y-Al;,0O3) were purchased from Sigma-Aldrich, and washed thoroughly
with deionized water (DIW) to remove impurities before use. Grsand was purchased from the Inversand
Company and pre-conditioned with 2,000 ppm of sodium hypochlorite (NaOCI, Sigma-Aldrich) as per the
manufacturer’s instruction. The regeneration of sorbents was not within the scope of this study. Filter media

was packed inside a polyvinyl chloride (PVC) column (schedule 40) with a diameter of 1.05-inches and a
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length of 24 inches. Filtration was conducted in an upward flow-orientation at a constant flow rate of 11.33

mL/min, with flow driven by a peristaltic pump (Masterflex).

3.3.5 Membrane filtration

Two types of desalination membranes were tested in this study; NF90 and BW30 flat sheet membranes
were purchased from Dow-Filmtec. Membranes were stored at 4° C in a lightproof container filled with
DIW. NF and BWRO membrane coupons (4 cm by 10 cm) were placed in a custom-built flow cell, and
pressurized with DIW at 150 psi and 250 psi, respectively, for 24 hours. During testing, the system was
operated at these operating pressures (i.e., constant pressure operation). The NFO0 membrane had a DIW
flux of 73.12 + 5.46 LMH at 150 psi, while the BW30 membrane had a flux of 51.89 + 5.83 LMH at 250
psi. The filtration system was operated in concentration mode, where the permeate was collected and not
returned to the feed tank, which allowed the system to simulate a certain water recovery. Cross flow velocity
was maintained at 2.33 cm/s, corresponding to Reynolds number of 79. Water recovery throughout the

study was calculated using the equation:
Vp .
Water recovery (%) = v x 100 (Equation 1)
F

where Vp is the total volume of water filtered by a membrane, and Ve is the initial volume of water in the
feed tank. The removal efficiency of a specific aqueous constituent (R;) was calculated by:

(Cri — Cp)

R; (%) = Cl
i

x 100 (Equation 2)

where C¢; is the concentration of a specific constituent i in the bulk feed solution and C,; is the

concentration of the constituent i in the permeate.

3.3.6 Analytical methods
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pH was measured using a portable pH meter (Thermo Scientific, Orion 720A) and turbidity was
measured using a turbidity meter (Hach, 2100P). Alkalinity was measured using a digital titrator (Hach).
Total dissolved solids (TDS) measurement followed the standard methods 8. Total organic carbon (TOC)
was measured by a TOC analyzer (Shimadzu, TOC-L). F and CI concentrations were measured by ion-
chromatography (IC, Thermo Fisher, Dionex Integrion HPIC). Total As and total Fe concentrations were
measured by inductively-coupled plasma mass spectroscopy (ICP-MS, PerkinElmer, NexION 2000).
Membrane surfaces were characterized using scanning electron microscopy (SEM, ZEISS, Supra 40VP)

equipped with an energy-dispersive X-ray detector (EDAX).

3.3.7 Economic modeling

To determine the optimal treatment train and blending ratios, a simple model, RWRM, was employed
18 In brief, the RWRM determines the most cost-effective blending ratios that produce water meeting
specific quality requirements. Although the RWRM was originally developed to produce irrigation water,
it can be easily adopted for other applications (such as drinking water) by adjusting the targeted water
guality. The RWRM determines the treatment train and stream composition that minimizes the treatment

cost while meeting water quality parameters. Details can be found in the Supporting Information.

3.4 Results and Discussion

3.4.1 Aluminum sulfate-based coagulation/flocculation/sedimentation treatment

Aluminum sulfate dosing was first optimized using synthetic groundwater. No significant change in
TOC, pH, total As, turbidity, total Fe, and alkalinity was observed in the treated water when aluminum
sulfate concentrations greater than 10 mg AI®*/L were used (Figure S2). While F concentration decreased

with increasing aluminum sulfate dosing, the decrease was accompanied with an increase in TDS levels.
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Thus, we determined that 10 mg AI**/L of aluminum sulfate (63 mg/L as Alx(SO4)s) was the optimal dosage
for the pretreatment of synthetic groundwater. At this optimal dosage, the concentration of F exceeded the
secondary MCL, which required further polishing. Further polishing of the water by granular filtration was
performed, which is discussed in the following section.

The purpose of testing synthetic groundwater that is composed of anticipated contaminant

concentrations was to predict the performance of treatment technologies treating natural groundwater.
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Figure 3.1. Average concentrations of TOC (a), pH (b), total As (c), turbidity (d), F (e), total Fe (f),
alkalinity (g), TDS (h), and ClI (i) in natural groundwater after coagulation and sedimentation steps over a
range of alum dosage (0 — 50 mg AI®*/L). Error bars indicate standard deviation of triplicate trials.
Horizontal dotted lines indicate the secondary MCL for specific water quality parameters, unless otherwise

noted.
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However, natural groundwater had different water quality (i.e., alkalinity) with the synthetic counterpart,
which required re-optimization of coagulant dosage with natural groundwater. Therefore, tests were
conducted to determine the optimal coagulant concentration for natural groundwater. Aluminum sulfate
coagulation was not effective at removing TOC from the natural groundwater despite its effectiveness in
synthetic groundwater, with natural groundwater displaying no clear trend of TOC removal with respect to
aluminum sulfate dosage (Figure 1a). The difference in TOC removal between synthetic and natural
groundwater could be explained by the composition of the TOC. While humic acid was the only source of
TOC in the synthetic groundwater, the natural groundwater likely contains fulvic acids which are known to
be more difficult to eliminate by aluminum-based coagulation.!818¢ After sedimentation, the pH of the
treated groundwater was 7.88 £ 0.12, 7.35 + 0.08, 6.84 + 0.04, 6.49 £ 0.01, and 5.94 + 0.09 with respect to
the aluminum sulfate dosage scheme (Figure 1b). This decline in pH with increasing aluminum sulfate
concentrations is known to be associated with the formation of aluminum flocs.#-*° For the aluminum
sulfate dosage of 10 mg AIP*/L, total As concentrations were reduced to 0.010 + 0.003 mg/L, with higher
aluminum sulfate dosages reducing total As to below the primary MCL threshold of 0.01 ppm (Figure 1c).
While the turbidity of synthetic groundwater significantly decreased with the addition of aluminum sulfate
(Figure S2d), the turbidity of natural groundwater remained almost unchanged (Figure 1d), except at 50 mg
AP*/L, where the turbidity of the treated water was elevated due to overdosing of the coagulant, in which
colloids are restabilized.** Since turbidity in natural water arises from suspended particles, the small
variation in turbidity with respect to the aluminum sulfate dosage could be related to its inability to
effectively remove TOC by coagulation.'®? Aluminum sulfate coagulation reduced F concentrations to 6.75
+ 0.16 mg/L, 4.34 £ 0.18 mg/L, 2.82 £ 0.20 mg/L, and 2.06 £ 0.15 mg/L with respect to the aluminum
sulfate dosage scheme (Figure 1e). The trend of increasing F removal efficiency with increasing aluminum
coagulant dosage is in agreement with previously reported results.**31% Aluminum sulfate dosing decreased
total Fe concentration to around 0.05 ppm, but no benefit was seen when the dosage increased over 40 mg
APF*/L (Figure 1f). The plateau in iron removal with increasing aluminum sulfate dosage was previously

reported.’® After sedimentation, the alkalinity of the water was determined to be 244 + 7 mg/L as CaCOs
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for 0 mg AI¥*/L (Figure 1g); the alkalinity of the supernatant decreased to 199 + 3 mg/L, 153 + 11 mg/L,
106 £ 2 mg/L, 61 £ 5mg/L, and 28 £ 8 mg/L as CaCOswith respect to the aluminum sulfate dosage scheme.
The trend of decreasing alkalinity with respect to aluminum sulfate dosage is associated with the formation
of aluminum hydroxide flocs, which consume hydroxide ions.%61” The TDS of natural groundwater
decreased with respect to the aluminum sulfate dosed (Figure 1h), which is opposite to what was observed
in the synthetic case (Figure S2h), with values declining from 865 + 36 mg/L at 0 mg AI**/L sto 644 + 7
mg/L at 50 mg AI**/L. The difference could be significantly higher alkalinity level in natural groundwater
that was greatly reduced by coagulation. Aluminum sulfate coagulation was not effective at removing Cl
ions (Figure 1i). Based on our findings, an optimal aluminum sulfate dosage of 30 mg AI®*/L was identified,
which allowed for pH to be within the acceptable range while reducing levels of total As, F, alkalinity, and

TDS compared to lower aluminum sulfate dosages.

3.4.2 Media and membrane filtration

When supernatant from the coagulation/sedimentation treatment step (treating synthetic groundwater)
was further treated with media filtration (QS, Grsand, or AA), TOC removal by the three filter-media was
not statistically significant (Figure S3a). Effluent from QS and Grsand had similar pH and alkalinity, while
AA filtration elevated effluent pH and alkalinity (Figure S3b and g). The increase in pH of AA effluent was
previously reported.’®® It was speculated that the increase in pH is due to the release of hydroxide (OH")
ions during the ion exchange with F at the surface of AA, although the amount of OH" ions released to water
was much greater than the amount of F absorbed to AA. The increase in the pH of Grsand effluent remains
unclear, since the decrease in pH after Grsand filtration was observed with synthetic groundwater. No
general trend was observed regarding alkalinity in media filtration effluent. All types of filter media

displayed similar water effluent quality in terms of total As, turbidity, total Fe, TDS, and CI concentrations
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Figure 3.2. Natural groundwater quality parameters (a-h) for the feed, after coagulation, after media
filtration, and after membrane filtration at 90% recovery, for combinations of AA or Grsand with NF or
BWRO. Water flux of NF and BWRO membranes as a function of recovery (j). A dashed line for NF, a
solid line for BWRO, a circle for AA, and a triangle for Grsand. Horizontal dotted line indicates secondary

MCL for specific water quality parameters, unless otherwise noted.
(Figure S3). However, F concentrations in the media filter effluent was strongly affected by the type of
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adsorbent used (Figure S3e). AA filtration completely removed F, followed by Grsand, with QS exhibiting
the least F removal. The difference could be explained by the different surface charges present on filter
media. AA is known to have positive charges at pH < 8, while the other media have negative surface charges,
which repel negatively charge ionic species, such as fluoride.**-2! While Grsand has negative surface
charges, its removal towards As and Fe is governed by oxidation by an oxidizing reagent (i.e., NaOCIl), co-
precipitation of As with Fe and adsorption.?? Since QS exhibited poor removal of F in synthetic
groundwater, it was not tested for the treatment of natural groundwater.

When the media-filtration effluent (treated synthetic groundwater) that underwent the
coagulation/sedimentation step was fed into a membrane filtration system (NF or BWRO), treated water at
80% recovery met water quality targets (i.e., secondary MCL), with the exception of Grsand, which
produced a permeate pH of 5.5 (for both types of membranes), which is outside of the acceptable MCL
range of 6.5 to 8.5 (Figure S4). Both of NF and BWRO membrane filtration hugely reduced TDS, Cl and
F concentration, while slight reduction in TOC, turbidity, and alkalinity was achieved by membrane
filtration. NF membrane had higher initial flux than BWRO, although they both showed flux decline along
with increasing water recovery. This flux decline could be explained by higher osmatic pressures at higher
recovery and scale (i.e., gypsum) formation on the membrane surface. Details can be found in the
Supporting Information.

Since treated synthetic groundwater at 80% recovery met water quality targets, membrane filtration
with natural groundwater conducted to 90% recovery was assessed, with the goal of reducing the volume
of waste and increasing the economic viability and environmental sustainability of the process. Figure 2
shows water quality parameters after each treatment step. As observed in the previous section, coagulation
did not effectively remove TOC in natural groundwater (Figure 2a). After Grsand filtration and membrane
filtration, the TOC of initial NF permeate was 0.60 £ 0.00 mg/L, increasing to 0.67 + 0.10 mg/L at 90%
recovery, and the TOC of initial BWRO permeate TOC was 0.39 + 0.02 mg/L, increasing to 0.43 = 0.10
mg/L at 90% recovery. After AA filtration and membrane filtration, the TOC of the initial NF permeate

was 1.06 £ 0.08 mg/L, increasing to 1.20 £ 0.24 mg/L at 90% recovery, and the TOC of initial BWRO
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permeate was 0.54 + 0.15 mg/L, increasing to 0.72 =+ 0.08 mg/L at 90% recovery. No water treatment
technology used in this study completely removed TOC from the groundwater. For natural groundwater,
pH adjustment for optimum coagulation was achieved by adding aluminum sulfate. Media filtration, unlike
for synthetic groundwater, slightly elevated the pH of the filtrate, although the reason is unclear (Figure
2b). After Grsand filtration and membrane filtration, the initial NF permeate pH was 6.47 + 0.10 and the
initial BWRO permeate pH was 6.27 + 0.04. At 90% recovery, NF permeate pH increased to 6.93 + 0.11
and BWRO permeate pH increased to 6.54 + 0.22. After AA filtration and membrane filtration, the pH of
the initial NF permeate was 6.85 + 0.78, increasing to 6.92 + 0.04 at 90% recovery. The pH of the BWRO
permeate was barely changed during the course of the experiments and (6.59 + 0.14 at 90% recovery).
Coagulation significantly reduced total As concentrations, media filtration further reduced As
concentrations, and membrane filtration removed nearly all of the remainder As (Figure 2c¢). The large
reduction of As concentrations by media and membrane filtration can be explained by the relatively large
amount of adsorbent media with respect to the influent As concentration, and the high As removal efficiency
of membranes (i.e., 71.53% for NF90 and 98.34% for BWRO30). Effective As removal by NF and BWRO
membranes is in agreement with the previously reported results.??3204 After Grsand filtrate underwent NF,
initial total As concentrations in the permeate were 0.05 + 0.07 ¢/L, increasing to 0.18 £ 0.07 g/L at
90% recovery. After Grsand filtrate underwent BWRO, initial total As concentrations of 0.03 £ 0.04 g/L
slightly decreased to 0.02 £ 0.02 g/L at 90% recovery. After AA filtration and NF, the total As in the NF
permeate was initially 0.32 + 0.35 g/L and decreased to 0.10 £ 0.07 g/L at 90% recovery. The decrease
in total As concentration in the membrane’s permeate at higher recovery was not statistically significant in
either case, and regardless, these concentrations are well below the MCL for As. After AA filtration and
BWRO treatment, the total As in the permeate was always less than the detection limit (0.04 ppb). The
majority of turbidity was removed in the coagulation step, so subsequent media filtration and member
filtration had little impact of turbidity removal (Figure 2d). After Grsand filtration and membrane filtration
at 90% recovery, NF permeate turbidity was 0.18 £ 0.03 NTU, and BWRO permeate turbidity was 0.21 +

0.01 NTU. After AA filtration and membrane filtration at 90% recovery, NF permeate turbidity was 0.16 +
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0.00 NTU, and BWRO permeate turbidity was 0.16 + 0.00 NTU. Coagulation reduced the F concentration
in natural groundwater, in agreement with results from synthetic groundwater (Figures S2e and S4e). Both
filter media reduced the remaining F concentrations, but AA was more effective than Grsand (Figure 2e).
After Grsand filtration and NF, the initial F concentration of the NF permeate was 0.05 + 0.00 mg/L,
increasing to 0.06 + 0.04 mg/L at 90% recovery. After Grsand filtration and BWRO, the F concentration of
the BWRO permeate was initially 0.05 + 0.01 mg/L, increasing to 0.08 + 0.02 mg/L at 90% recovery. After
AA filtration and membrane filtration, the F concentrations for both NF and BWRO permeates were always
lower than the detection limit (0.02 ppm). Coagulation eliminated the majority of the total Fe, and remaining
Fe ions were removed by media filtration and membrane filtration (Figure 2f). Although greensand filtration
had a slightly better removal efficiency towards Fe, effluent from both media filter materials was compliant
with the recommended total Fe concentrations (i.e., 0.05 ppm) in the feed stream of the membrane filtration
process.t’1205 After Grsand filtration and membrane filtration at 90% recovery, the total Fe of NF permeate
was 0.01 + 0.00 mg/L, and the total Fe of BWRO permeate was at ppb levels (3 + 2 ppb). After AA filtration
and membrane filtration at 90% recovery, total Fe of NF permeate was 0.01 + 0.01 mg/L, and total Fe of
BWRO permeate was 0.01 + 0.00 mg/L. Coagulation reduced alkalinity from feed values of around 230
mg/L as CaCOs to supernatant values of around 110 mg/L as CaCOs; (Figure 2g). Media filtration had little
impact on alkalinity. Since majority of carbonate ions exist as bicarbonate in the pH range of media filtration
effluent (i.e., pH 7 — 8), membrane filtration that is known to have high bicarbonate removal efficiency
significantly reduced the remaining alkalinity.?%6207 After Grsand filtration and NF, the permeate alkalinity
was initially 7 £ 1 mg/L as CaCO; and increased to 14 + 3 mg/L as CaCOs3 at 90% recovery. After Grsand
filtration and BWRO, the initial permeate alkalinity of 5+ 1 mg/L as CaCOs increased to 9 + 4 mg/L as
CaCOs at 90% recovery. After AA filtration and NF, NF permeate alkalinity was initially 16 + 3 mg/L as
CaCO0s, increasing to 24 £ 6 mg/L as CaCOgsat 90% recovery. After AA filtration and BWRO, initial
permeate alkalinity of 7 £ 1 mg/L as CaCOs increased 11 + 1 mg/L as CaCOgzat 90% recovery.

Membrane filtration removed the majority of TDS (Figure 2h). The decrease of TDS after AA filtration

was associated with a large error bar and likely not statistically significant. After Grsand filtration and NF,
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the initial permeate TDS of 118 + 13 mg/L increased to 147 + 12 mg/L at 90% recovery. After Grsand
filtration and BWRO, the permeate TDS was initially 91 + 10 mg/L, increasing to 93 £+ 1 mg/L at 90%
recovery. After AA filtration and NF, the initial permeate TDS of 22 + 1 mg/L increased to 83 + 27 mg/L
at 90% recovery. After AA filtration and BWRO, the permeate TDS was initially 92 + 4 mg/L, decreasing
to 90 + 19 mg/L at 90% recovery (not statistically significant). After Grsand filtration and NF, the initial
Cl concentration in the permeate was 17.33 + 3.46 mg/L, increasing to 49.45 + 6.23 mg/L at 90% recovery
(Figure 2i). After Grsand filtration and BWRO, the permeate Cl concentration was initially 7.89 + 0.76
mg/L, increasing to 16.95 + 1.99 mg/L at 90% recovery. After AA filtration and NF, the initial CI
concentration of the permeate was 12.79 + 3.33 mg/L, increasing to 38.37 + 22.66 mg/L at 90% recovery.
After AA filtration and BWRO, the permeate Cl concentration was initially 8.31 + 0.21 mg/L and increased
to 14.62 + 3.32 mg/L at 90% recovery. As expected, BWRO was more effective than NF in reducing ClI
concentration.

For a treatment train consisting of coagulation, Grsand filtration, and membrane treatment, the initial
flux was 57.05 + 5.16 LMH and 51.98 + 2.04 LMH, for the NF and BWRO membranes, respectively. At
90% recovery, NF flux was 43.17 + 2.27 LMH, and BWRO flux was 40.81 + 1.18 LMH. When the Grsand
filtration was replaced by AA filtration in the treatment train, the initial NF flux was 57.54 + 0.81 LMH,
and the initial BWRO flux was 46.33 £ 3.34 LMH. At 90% recovery, the NF flux was to 44.24 + 1.07 LMH,
and the initial BWRO flux was 38.85 + 3.84 LMH. As the recovery increased, so did the concentration of
dissolved solids in the feed stream, which increased the osmotic pressure of the stream and led to flux
declined. In addition, membrane fouling (e.g., scaling) likely contributed to the flux decline. SEM and
EDAX analysis of fouled membrane imply the formation of CaSO, scale on the surface as a result of
operation at 90% recovery (Figure S6). All treatment trains using membrane filtration at 90% recovery
produced potable water that met the MCL drinking water guidelines. Given this, the selection of a particular

treatment train will likely be based on its cost-effectiveness, as demonstrated in the following section.
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3.4.3 Optimization of blending

Based on the identified potential treatment steps (coagulation/sedimentation, media filtration,
membrane desalination), ten possible combinations of water treatment processes were identified: 1)
Coagulation + NF, 2) Coagulation + BWRO, 3) AA + NF, 4) AA + BWRO, 5) Grsand + NF, 6) Grsand +
BWRO, 7) Coagulation + Grsand + NF, 8) Coagulation + Grsand + BWRO, 9) Coagulation + AA + NF,
and 10) Coagulation + AA + BWRO (Figure S7). Coagulation alone, media filtration alone, and membrane
filtration alone options were discarded because either product water does not meet drinking water
regulations (i.e., TDS and CI) or because an unacceptable degree of membrane fouling is expected. The

contaminant removal efficiency of each treatment process obtained in Section 3.2., were used in Equations
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in the order from the lowest to the highest water production cost. The costs represented include chlorine

disinfection.
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S1 — S3 to estimate ion concentrations in the blended water, and water production cost. Details about
removal efficiencies and unit water production costs of each treatment processes, as well as estimated
aqueous constituent concentrations in a blended water can be found in the Supporting Information (Table
S1-S3). It should be noted that Cl concentrations in the raw groundwater were already below the secondary
MCL, which excludes this parameter from the list of model constraints.

Among the ten possible treatment train combinations, the lowest water production cost of
$0.195/m3 (including the cost of chlorine disinfection) was achieved with a train that consisted of
coagulation and NF (Figure 3). However, water produced from this treatment train contains F concentration
greater than the secondary MCL (Table S2). A similar issue of high F concentration occurs in a treatment
train that consisted of coagulation and BWRO, where water production cost was the second lowest. Product
water that met drinking water guidelines was successfully produced with a train that consisted of
coagulation, AA filtration, and NF at water production cost of $0.212/m3. In this process, a given volume
of water consisted of 25% raw groundwater and 75% of NF permeate that underwent coagulation and AA
filtration, where these streams were blended together to produce a final water blend where contaminant
levels are below the secondary MCL. The limiting factors of this process is F concentration that is close to
secondary MCL. With the other treatment train options, it was possible to produce a blended solution

meeting the drinking water regulation, albeit at a higher water production cost.

3.5 Conclusion

In this study, the performance of different water treatment processes (aluminum sulfate coagulation,
QS filtration, Grsand filtration, AA filtration, NF filtration, and BWRO filtration) were evaluated for the
treatment of synthetic and natural groundwater containing elevated concentrations of F, As, Fe and TDS,

with respect to nine water quality parameters (TOC, pH, total As, turbidity, F, Total Fe, alkalinity, TDS, and
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Cl). Then, an economic model, RWRM, was used to identify the most cost-effective treatment train that
produces drinking water that meets drinking water guidelines.

For synthetic groundwater, 10 mg AI**/L of aluminum sulfate was determined to be the optimal dosage,
with higher aluminum sulfate dosing not significantly reducing the level of TOC, pH, total As, turbidity,
total Fe, and alkalinity. With this optimal dosage of coagulant, the level of total As, total Fe, and turbidity
in the coagulation effluent met the regulatory limits; however, further treatment was required to reduce the
F, TDS, and CI concentrations. When supernatant from the coagulation/sedimentation step was treated with
three different filter media (QS, Grsand, and AA), comparable levels of turbidity, and TDS remained in the
treated water. However, AA and Grsand achieved the complete removal of the remaining As, while ppb
levels of As remained in the QS effluent. In addition, complete removal of F was achieved with AA filtration,
while QS and Grsand were less effective, likely because of their negative surface charges. Thus, it was
decided to exclude QS for the rest of the study. When synthetic feed water was treated by coagulation
following Grsand and NF/BWRO filtration, water produced at 80% recovery satisfied drinking water
guidelines, except for pH, which was slightly acidic. With a treatment train that consisted of coagulation,
AA, and NF/BWRO filtration, water that meets drinking water guideline was successfully produced at 80%
recovery.

In general, the removal of the various constituents in the synthetic groundwater was similar to that
observed in the natural groundwater throughout the treatment train, although elevated level of alkalinity was
observed in natural groundwater. Unlike synthetic groundwater, the optimum aluminum sulfate dosing for
natural groundwater was found to be 30 mg AL3*/L (vs. 10 mg AL3*/L for the synthetic groundwater). At
this optimal aluminum sulfate dosage, coagulation/sedimentation reduced the concentration of As to
acceptable levels (i.e., lower than primary MCL) and F concentration close to the secondary MCL. The
removal efficiency of F by coagulation/sedimentation was higher in the natural groundwater than in the
synthetic groundwater, which could be explained by the different amount of aluminum sulfate used in the
coagulation. The effectiveness of As removal by aluminum sulfate coagulation corresponds to the results

observed in the synthetic groundwater. However, further treatment was required to treat excess
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concentrations of F, and TDS. AA filtration significantly reduced the concentration of F in the
coagulation/sedimentation effluent, while Grsand filtration had little effect on F removal. Both filter media
effectively removed the remaining As and total Fe in the coagulation effluent, which was also observed with
synthetic groundwater. In addition, the concentration of total Fe in the media filtration effluent (either AA
or Grsand) was lower than the recommended level of 0.05 ppm. With membrane filtration (either NF or
BWRO), Cl and TDS levels were reduced to well below to the regulatory limit at 90% recovery. Thus, when
natural groundwater was treated with a treatment train consisting of coagulation (30 mg AI*¥*/L of aluminum
sulfate dose), media filtration (Grsand or AA), and membrane filtration (NF or BWRO), the water produced
at 90% recovery satisfied drinking water regulations.

When the experimental findings were used as input into the RWRM, the most cost-effective treatment
train that treats groundwater having elevated concentrations of F, As, Fe, and TDS was identified to consist
of coagulation, AA filtration, NF, and disinfection. The lowest production cost of $0.212/m?* was achieved
when 25% of raw groundwater was blended with 75% of NF filtration effluent that underwent coagulation
and AA filtration. Although a treatment train consisting of coagulation and membrane filtration (either NF
or BWRO) was capable of producing blended water that contains concentrations of As, Fe, and TDS that
met regulatory guidelines at a lower water production costs (i.e., $0.195/m3with NF, and $0.212/m?* with
BWRO), F concentration in the blended water was always higher than the regulatory limit. Thus, AA

filtration was found to be an important component during the treatment of F-containing water.
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3.7 Supporting Information

3.7.1 Properties of feed water

Table S 3.1 Properties and constituents of feed water and secondary maximum concentration level

Synthetic Natural Secondary Maximum

groundwater groundwater Concentration Level®
TOC (mg/L) 1.97 +0.28 0.98 +0.25 n.a”

pH 8.50+0.71 9.40 + 0.23" 6.5-8.5
As (ng/L) 20.2+ 3.8 245+ 3.2° 109
Turbidity (NTU) 2.69 + 0.54 0.37 £ 0.07 1-5
F (mg/L) 7.57 +2.29" 7.89 +0.20 2

Fe (mg/L) 2.05 + 0.45 0.33+0.12 0.3
Alkalinity (mg/L as CaCO3) 6.71+ 1.86 245+ 10 n/a
TDS (mg/L) 765.56 + 71.26" 800 + 103" 500
Cl (mg/L) 385.55 + 10.76" 154.55 + 6.67 250

“indicates values exceeding the Secondary Maximum Concentration Level

3 set by U.S. Environmental Protection Agency 2%

b n/a indicates no Secondary Maximum Concentration Level set by U.S. Environmental Protection

Agency

®this value is Primary Maximum Concentration Level. There is no Secondary Maximum Concentration

Level set by U.S. Environmental Protection Agency
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3.7.2 Groundwater treatment train
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Figure S 3.1. Process diagram of the groundwater treatment train

3.7.3 Economic modeling

In this model, the cost of an individual treatment technology as part of the entire treatment process is

expressed as a unit production cost, multiplied by the blending fraction of water produced by that process:

JT
Cr = Z br(j) X cr(j) (Equation S1)
j=0

where Cr is total water production cost in $/m3, T is a specific treatment train that consists of J; unique

processes, | is a specific stage within a treatment train T (specific location of each stages in a treatment

train is described in Figure S1.), effluent quality from a particular stage considers the cumulative treatment

from all prior steps (stage 0 is raw groundwater), b+ (j) is blending ratios of effluent from a specific stage j

within a treatment train T, and c;(j) is a unit water production cost ($/m?) of a unit process T. The sum of

all blending fractions equals to one, mathematically express by:

JT
Z br(j)=1 (Equation S§2)
j=0

Concentration of each contaminants in the final product water was calculated using the equation:
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Where C; is the concentration of specific constituent i in the final blended solution, C;,(j)is inlet

concentration of specific constituent to the specific process j within a treatment train T, and Ry ;(j) is

J
Ci:z

br(j) X Cio() X (1 = R (7)) (Equation S3)
=0

J

constituent i removal efficiency of individual process j within a treatment train T ( Rr;(0) equals to 0).

The blending ratio between raw groundwater and each treatment process effluent in a treatment train
was iteratively adjusted using an open-source programming language, Python. For instance, when a
treatment train is composed of coagulation followed by AA filtration and NF filtration, blending volumes
from each stage was iteratively adjusted from 0 to 1 with a step of 0.01 under the constraints of Equation
S2. During each iteration, each b value was entered into Equations 3 and 5 to obtain contaminant
concentrations in the final product water. Then, consideration of the water quality constraints (i.e., pH, total
As, F, total Fe, Cl, and TDS) was applied to determine the lowest cost blending ratio that met drinking

water standards.

Table S2. represents Ry ;(j) values obtained from Section 3.2.

Table S 3.2 Removal efficiency (%) of each contaminant by different treatment processes used in this

study.
Treatment Total Total
pH TDS Turbidity Alkalinity TOC Cl F
Process Fe As
Coagulation 26.86 8.43 32.50 53.50 -7.74 -0.08 65.46 91.25 88.27
Grsand
-14.46 1.62 91.30 14.23 16.09 0.11 10.98 62.88 100.00
filtration
AA filtration -8.47 16.71 82.14 23.07 -2.32 -1.91 67.53 47.26 100.00
NF filtration 22.78 93.01 30.92 88.67 27.61 | 90.59 | 97.00 -6.08 71.53
BWRO
23.94 94.48 33.53 96.21 36.06 | 97.01 | 98.36 14.33 98.34
filtration
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Table S 3.3 Estimated contaminant concentrations in the blended solution. (highlighted values are the

limiting factors of the specific treatment train)

Alkalinity
Treatment TDS Turbidity TOC Cl F Fe As
pH (mg/L as
train (mg/L) (NTU) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
CaCoO3
Coag-NF 7.74 500 0.29 151 0.89 98.55 4.72" 0.207 0.015
Coag-BWRO | 7.73 496 0.29 149 0.86 94.58 4.75" 0.208 0.015
Coag-AA-NF | 6.67 232 0.12 69 0.83 49.76 1.99 0.095 0.006
Coag-
Grsand- 6.69 490 0.17 82 0.90 104.22 1.98 0.035 0.003
BWRO
Coag-AA-
6.56 491 0.18 80 0.93 102.18 1.98 0.035 0.003
BWRO
Coag-
Grsand- 6.66 493 0.17 81 0.88 102.15 1.99 0.034 0.003
BWRO
AA-NF 8.24 227 0.12 75 0.79 48.36 1.95 0.220 0.006
Grsnad-NF 8.49 182 0.08 61 0.66 38.33 1.52 0.164 0.004
AA-BWRO 8.15 220 0.12 64 0.72 40.67 1.93 0.193 0.006
Grsand-
8.48 225 0.11 65 0.63 40.60 1.98 0.159 0.006
BWRO

C; and Cy for the unique treatment train J are represented in Table S3 — S4.

“: values do not satisfy the secondary MCL

Table S 3.4 Water production cost for each water treatment technologies.

Treatment process Water production cost ($/m?)”

Coagulation 0.045 + 0.039 186,200,210
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Grsand filtration 0.764 + 0.023 #*212
AA filtration 0.544 +0.1152) 213214
NF filtration 0.424 +0.107 P 215218

BWRO filtration 0.473 +£0.132 b 220221
Chlorination 0.023 £ 0.015 2?2

* costs from references were adjusted to the value of US dollars in 2020, using consumer price index (CPI).
3 includes water production cost from a private conversation with a company
b) water production cost may be overestimated, since the cost reported in references may result from a

membrane filtration process equipped with pretreatment processes (i.e., filter cartridge, acidification, and

antiscalant dosage)
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3.7.4 Treatment of groundwater

3.7.4.1 Optimization of coagulation with synthetic groundwater

To explore the impact of aluminum sulfate dosing on the different water quality parameters, aluminum
sulfate dosages ranging between 0 and 50 mg AI®**/L, (in 10 mg AI**/L increments) were added to the
synthetic groundwater (Figure S2). When sedimentation of the feed water was conducted after the
coagulation/sedimentation step without aluminum sulfate, 1.80 + 0.28 mg/L of TOC remained in the water.
While the addition of aluminum sulfate led to a decline in TOC levels, no improvement in TOC removal
was observed when the aluminum sulfate dosage increased beyond 10 ppm AI®*, with final TOC
concentrations of 1.03 £ 0.29 mg/L, 1.07 + 0.26 mg/L, 1.12 + 0.34 mg/L, 1.06 + 0.30 mg/L and 1.14 + 0.35
mg/L for aluminum sulfate concentrations of 10 mg AI®*/L, 20 mg AI¥*/L, 30 mg AIP*/L, 40 mg AI®*/L, and
50 mg APY/L, respectively (Figure S2a). Subsequent measurements will refer to the series of the five
aluminum sulfate concentrations from 10 mg AI**/L to 50 mg AI**/L as the aluminum sulfate dosage scheme.
In this study, TOC in the synthetic groundwater can be attributed to humic acid, and aluminum sulfate
coagulation has been previously reported to be effective at removal of humic substances . After
sedimentation, the pH of the 0 mg AI**/L sample decreased from the feed water value of 8.50 + 0.71t0 7.13
+ 0.69, likely from exposure to air, which allowed CO; to dissolve into the water. The pH of all samples
dosed with aluminum sulfate decreased from approximately 6.0 after coagulation to approximately 5.7 after
sedimentation (Figure S2b). Total As concentrations for the 0 mg AI®**/L sample did not change post
sedimentation. However, the addition of 10 mg AI**/L dramatically reduced As concentrations, with the

total As concentrations reduced to 2.07 + 0.29 ppb. As concentrations were nearly unchanged with
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Figure S 3.2. Average concentrations of TOC (a), pH (b), total As (c), turbidity (d), F (e), total Fe (f),

alkalinity (g), TDS (h), and CI (i) in synthetic groundwater after coagulation and sedimentation steps over

a range of aluminum sulfate dosage (0 — 50 mg AI**/L). Error bars indicate standard deviation of triplicate.

Horizontal dotted line indicates secondary MCL for specific water quality parameters, unless otherwise

noted.

increasing aluminum sulfate dosages (20 mg AI**/L to 50 mg AIP*/L), likely due to diffusion limitations

(Figure S2c). The addition of 10 mg AI®*/L effectively reduced turbidity from 2.67 + 0.46 NTUs (at 0 mg

AIF*/L) t0 0.18 + 0.07 NTU. However, increasing aluminum sulfate dosages did not reduce turbidity further

(Figure S2d). F concentrations were sensitive to aluminum sulfate dosages, with decreased concentrations

observed with increasing aluminum sulfate loading (5.96 + 2.64 mg/L, 3.70 £ 2.16 mg/L, 2.60 £ 1.58 mg/L,
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1.77 £ 1.35 mg/L and 1.28 = 1.02 mg/L of F with respect to the aluminum sulfate dosage scheme) (Figure
S2e). This is not surprising, as F strongly adsorbs to alumina, and F concentrations were not as low as As,
194223 Total Fe concentrations generally decreased with increasing aluminum sulfate dosing (0.06 + 0.06
mg/L, 0.02 £ 0.01 mg/L, 0.02 + 0.02 mg/L, 0.01 £ 0.02 mg/L and 0.02 + 0.03 mg/L of total Fe concentration
with respect to the aluminum sulfate dosage scheme) (Figure S2f). The alkalinity of the water was
determined to be 5.74. + 1.63 mg/L of CaCOjs for the 0 mg AI**/L sample. Water alkalinity declined to 2.42
+ 0.50 mg/L upon the addition of 10 mg AIF*/L, but increasing aluminum sulfate dosing did not change
alkalinity values (Figure S2g). These samples shared similar values for alkalinity despite different
aluminum sulfate concentrations likely because the pH of these samples was adjusted to 6.0 following
aluminum sulfate dosage. The TDS of the treated water increased with increasing aluminum sulfate
concentrations. The 0 mg AI**/L sample had and lowest TDS of 773.33 + 81.24 mg/L, while the 50 mg
AP*/L sample had highest TDS of 1060 + 106.77 mg/L (Figures S2h). Higher concentrations of aluminum
sulfate required larger amounts of NaOH to raise the pH to 6, resulting in higher TDS in the treated water
with respect to aluminum sulfate concentrations. Cl concentrations were unaffected by aluminum sulfate
coagulation, unlike other water quality parameters (Figure S2i).

Based on these measurements, we determined that the optimal aluminum sulfate dosage was 10 mg
AP*/L, because it balanced sufficiently high effluent water quality while minimizing chemical dosing and
TDS. Beyond the optimal aluminum sulfate dosage, there was no significant change in TOC, pH, total As,

turbidity, total Fe, and alkalinity.
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3.7.4.2 Optimization of media-filtration with synthetic groundwater
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Figure S 3.3. Average concentrations of TOC (a), pH (b), total As (c), turbidity (d), F (e), total Fe (f),

alkalinity (g), TDS (h), and CI (i) in synthetic groundwater after filtration step (QS, Grsand or AA)
following coagulation and sedimentation with 10 mg AL®**/L of alum dosage. Error bars indicate standard
deviation of triplicate. Data points indicating zero are concentrations below the limit of detection.
Horizontal dotted line indicates secondary MCL for specific water quality parameters, unless otherwise

noted.

After coagulation and sedimentation, the supernatant received additional treatment through packed-bed
filtration with one of the three different filter media: QS, Grsand, or AA (Figure S3). When media filtration
was conducted without coagulation, the TOC level was reduced from 1.80 + 0.28 mg/L for the feed to 0.85

+0.11mg/L, 0.85% 0.25 mg/L, and 1.16 + 0.46 mg/L for QS, Grsand, and AA filtration, respectively. TOC
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concentrations following media filtration of coagulation effluent treated with varying aluminum sulfate
dosages showed some variation, but in general, the impact of changing aluminum sulfate dosage was not
statistically significant (Figure S3a). However, filtration with QS and Grsand generally produced the lowest
effluent TOC concentrations. For coagulation followed by QS or Grsand filtration, the resulting pH was
approximately 5, but for coagulation followed by AA filtration, the resulting pH was approximately 7
(Figure S3b). The difference in pH could be explained by the contaminant removal mechanism of AA that
involves not only adsorption, as is the case for QS and Grsand, but also ion-exchange 224?25, However, the
exact reason for pH increase after AA filtration remains unclear.

As concentrations following Grsand and AA filtration were lower than the detection limit (0.04 ppb),
but after QS filtration, total As was detectable at ppb levels (Figure S3c). The low concentration of As prior
to filtration contributed to Grsand and AA filtration in being able to reduce total As to below detection
levels. When filtration was conducted without coagulation, the resulting filtrate turbidity was 0.21 + 0.18,
0.18 + 0.03,and 0.19 + 0.04 NTU for QS, Grsand, and AA, respectively, with every filter media exhibiting
effective turbidity removal. (Figure S3d). AA achieved the highest removal efficiency for F, followed by
Grsand, and QS (Figure S3e). For AA, F concentration in the filtrate was below the detection limit (0.2
mg/L) for every aluminum sulfate dosage. For QS filtration, F concentrations decreased with increasing
aluminum sulfate dosage. F concentrations following Grsand filtration reached a minimum at a 30 mg
AI¥*/L dosage (reason unclear). All filtration media were effective in reducing total Fe concentrations to
below the secondary MCL levels of 0.3 ppm (Table S1). In some cases, Fe concentrations were less than a
detection limit (0.53 ppb), but no clear trends with respect to aluminum sulfate dosage were observed
(Figure S3f). While QS and Grsand filtration did not significantly change alkalinity, AA filtration increased
alkalinity, which can be explained by the release of hydroxide ions from AA during ion-exchange (Figure
S3g). Changes in TDS and Cl concentrations after media filtration were marginal (Figures S3h-i). The TDS
remained largely unchanged after filtration because no treatment processes conducted in this section

effectively removed Na and ClI, which were the most abundant ions in the synthetic groundwater. When
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using the optimal coagulation dosage, QS produced an effluent containing F and As concentrations that

exceeded the regulatory limit. Thus, QS was excluded for the rest of study.

3.7.4.3 Optimization of membrane filtration with synthetic groundwater

NF and BWRO membranes were used to treat effluent from Grsand and AA filtration, with treatment
steps are carried out sequentially as described in Figure S1, unless otherwise noted (Figure S4). The
coagulation step with 10 mg AI¥*/L eliminated the majority of TOC from the raw groundwater, and the
subsequent media and membrane filtration did not completely eliminate TOC (Figure S4a). When
coagulation and Grsand filtration were followed by NF, initial NF permeate TOC of 0.59 + 0.12 mg/L
increased to 0.71 £ 0.07 mg/L at 80% recovery, although this increase is not significant. When coagulation
and Grsand filtration were followed by BWRO treatment, BWRO permeate TOC was initially 0.46 + 0.17
mg/L, remained at 0.45 + 0.18 mg/L at 80% recovery. When coagulation and AA filtration were followed
by NF, initial permeate TOC of 1.30 £ 0.44 mg/L increased to 1.56 + 0.61 mg/L at 80% recovery (not a
statistically significant change). When coagulation and AA filtration were followed by BWRO, initial
permeate TOC was 0.80 + 0.01 mg/L, increasing to 0.99 + 0.07 mg/L at 80% recovery. Following Grsand
filtration, the pH generally decreased after each treatment step (Figure S4b), with the NF permeate pH
determined to be 5.57 + 0.21, and BWRO permeate pH measured at 5.49 + 0.05 at 80% recovery. In contrast,
following coagulation, AA filtration, and membrane filtration, NF permeate pH was 7.69 = 0.09, and
BWRO permeate pH was 7.67 = 0.10 at 80% recovery. Per the explanation in Section 3.3 in the Supporting
Information, after AA filtration, the pH of the groundwater increased due to the release of hydroxide ions.
Aluminum sulfate coagulation removed the majority of the total As, and Grsand and AA filtration removed
the majority of any residual As. Following NF or BWRO filtration at 80% recovery, little As was detected
in the permeate (Figure S4c). After Grsand filtration and membrane filtration at 80% recovery, the NF

filtrate turbidity was 0.27 £ 0.09 NTU, and the BWRO filtrate turbidity was 0.24 = 0.03 NTU (Figure S4d).
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When AA filtration was followed by membrane filtration at 80% recovery, the NF filtrate turbidity was
0.16 + 0.01 NTU and the BWRO filtrate turbidity was 0.18 + 0.02 NTU, respectively (Figure S5d). As
observed in sections (3.1 and 3.3) in the Supporting Information, a slight reduction in F concentration was
achieved by aluminum sulfate coagulation (Figure S4e). Subsequent media filtration using AA greatly
reduced remaining F levels, while only a negligible amount of F was removed by Grsand filtration. After
Grsand filtration and NF, the initial permeate F concentration of 0.84 + 0.20 mg/L, which increased to 1.59
+ 0.30 mg/L at 80% recovery. After Grsand filtration and BWRO, permeate F concentration was always
lower than the detection limit. After AA filtration and NF or BWRO, permeate F concentration was always
lower than the detection limit. Coagulation had a large impact on Fe removal, with any residual Fe removed
by media filtration with Grsand or AA; NF and BWRO filtrate contained no detectable Fe ions (Figure S4f).
The majority of alkalinity was reduced by aluminum sulfate coagulation. Then, alkalinity was further
reduced by Grsand filtration while alkalinity was elevated after AA filtration, likely due to hydroxide
release from AA (Figure S4g). After Grsand filtration and NF, the initial permeate alkalinity was 1.07
0.11 mg/L as CaCOs, increasing to 1.33 + 0.31 mg/L as CaCOs3 at 80% recovery. After Grsand filtration
and BWRO, the permeate alkalinity was initially 0.90 + 0.10 mg/L as CaCOs, increasing to 0.90 = 0.00
mg/L as CaCOs at 80% recovery. After AA filtration and NF, initial permeate alkalinity of 2.70 + 0.13
mg/L as CaCO; decreased to 2.55 + 0.49 mg/L as CaCOs at 80% recovery. After AA filtration and BWRO,
initial permeate alkalinity was 1.95 = 0.07 mg/L as CaCOs, increasing to 2.75 + 0.21 mg/L as CaCOgz at 80%

recovery.
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Figure S 3.4. Synthetic groundwater quality parameters (a-i) for the feed, after coagulation, after media
filtration, and after membrane filtration at 80% recovery, for combinations of AA or Grsand with NF or
BWRO. Water flux of NF and BWRO membranes as a function of recovery (j). A dashed line for NF, a
solid line for BWRO, a circle for AA, and a triangle for Grsand. Horizontal dotted line indicates the

secondary MCL for specific water quality parameters, unless otherwise noted.

After Grsand filtration and NF, initial permeate TDS of 107 £ 22 mg/L increased to 231 + 41 mg/L at
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80% recovery. After Grsand filtration and BWRO, permeate TDS was initially 13 + 6 mg/L, increasing to
46 + 12 mg/L at 80% recovery. After AA filtration and NF, initial permeate TDS of 66 + 0.7 mg/L increased
to 155 + 4 mg/L at 80% recovery. After AA filtration and BWRO, permeate TDS was initially 70 + 7 mg/L,
increasing to 105 + 3 mg/L at 80% recovery. After Grsand filtrate underwent NF, permeate concentrations
of Cl increased from 68.87 + 5.02 mg/L initially, to 74.78 + 6.14 mg/L at 80% recovery. After Grsand
filtration and BWRO, concentrations of Cl increased from 19.55 + 0.90 mg/L initially, to 43.37 + 2.04 mg/L
at 80% recovery. After AA filtrate underwent NF, permeate concentrations of Cl increased from 33.61 +
1.87 mg/L initially, to 71.73 + 6.21 mg/L at 80% recovery. After AA filtration and BWRO, permeate
concentrations of Cl increased from 9.95 + 1.29 mg/L initially, to 19.10 + 0.71 mg/L at 80% recovery.
During the NF process, the initial flux was 57.68 + 3.80 LMH and 60.15 + 4.20 LMH for the AA and
Grsand pretreatment, respectively — not a significant difference (Figure S4j); the final flux (at 80% recovery)
was 45.80 + 0.54 LMH and 48.55 = 2.30 LMH for the AA and Grsand pretreatment, respectively, again,
not significantly different (Figure S4j). In contrast, flux from the BWRO membranes was sensitive to the
type of pretreatment. For the Grsand filtration, the initial and final flux was 40.61 + 0.74 LMH and 36.26
+ 0.55 LMH, respectively, while for AA filtration the initial and final flux was 47.44 + 1.69 LMH and 39.79
+ 0.23, respectively (Figure S4j). However, there may be no correlation because the opposite result (i.e.,
higher initial flux of BWRO following Grsand filtration than that of BWRO following AA filtration) was
observed when treating natural groundwater. Flux decline with increasing recovery may be a result of
concentrated feed concentration and scaling formation. SEM and EDAX results imply the formation of

CaS0O, on membrane surface (Figure S5).

81



Figure S 3.5. For a synthetic groundwater treatment train consisted of coagulation, Grsand filtration,
and membrane filtration (a-h); (a) SEM image of scaled NF membrane used to treat synthetic groundwater
at 80% recovery; (b) EDAX results of the scaled NF membrane at 80% recovery; (¢) SEM image of
scaled NF membrane at higher magnitude; (d) EDAX results of scaled NF membrane at higher
magnitude; (e) SEM image of scaled BWRO membrane used to treat synthetic groundwater at 80%
recovery; (f) EDAX results of the scaled BWRO membrane at 80% recovery; (g) SEM image of scaled
BWRO membrane at higher magnitude; (h) EDAX results of the scaled BWRO membrane at higher
magnitude. For treatment train consisted of coagulation, AA filtration, and membrane filtration (i-q); (i)
SEM image of scaled NF membrane used to treat synthetic groundwater at 80% recovery; (j) EDAX
results of the scaled NF membrane at 80% recovery; (k) SEM image of scaled NF membrane at higher
magnitude; (I) EDAX results of scaled NF membrane at higher magnitude; (m) SEM image of scaled
BWRO membrane used to treat synthetic groundwater at 80% recovery; (n) EDAX results of the scaled
BWRO membrane at 80% recovery; (0) SEM image of scaled BWRO membrane at higher magnitude;

(p) EDAX results of the scaled BWRO membrane at higher magnitude.
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3.7.5 Optimization of membrane filtration with natural groundwater

Figure S 3.6. For a natural groundwater treatment train consisted of coagulation, Grsand filtration, and
membrane filtration (a-h); (a) SEM image of scaled NF membrane used to treat synthetic groundwater at
90% recovery; (b) EDAX results of the scaled NF membrane at 90% recovery; (c) SEM image of scaled
NF membrane at higher magnitude; (d) EDAX results of scaled NF membrane at higher magnitude; (e)
SEM image of scaled BWRO membrane used to treat synthetic groundwater at 90% recovery; (f) EDAX
results of the scaled BWRO membrane at 90% recovery; (g) SEM image of scaled BWRO membrane at
higher magnitude; (h) EDAX results of the scaled BWRO membrane at higher magnitude. For treatment
train consisted of coagulation, AA filtration, and membrane filtration (i-q); (i) SEM image of scaled NF
membrane used to treat synthetic groundwater at 90% recovery; (j) EDAX results of the scaled NF
membrane at 90% recovery; (k) SEM image of scaled NF membrane at higher magnitude; (I) EDAX
results of scaled NF membrane at higher magnitude; (m) SEM image of scaled BWRO membrane used
to treat synthetic groundwater at 90% recovery; (n) EDAX results of the scaled BWRO membrane at 90%
recovery; (0) SEM image of scaled BWRO membrane at higher magnitude; (p) EDAX results of the

scaled BWRO membrane at higher magnitude.
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3.7.6  Optimization of blending
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Figure S 3.7. All groundwater treatment train permutations conducted in this experiment.
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Chapter 4.

Impact of Polarity Reversal Freguency on
Inorganic Scaling on Carbon Nanotube-
based Electrically-Conductive

Nanofiltration Membranes
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4.1 Summary

Inorganic salt precipitation (mineral scaling) on desalination membranes limits product water
recovery, increases energy demand and pretreatment, requires harsh chemical cleaning and reduces
membrane useful life. Conventional strategies employed to mitigate scale formation on membrane
surface include chemical pretreatment (to remove scale forming minerals), lowering product water
recovery and anti-scaling chemical addition. Anti-scaling chemicals either interfere with crystal
nucleation or growth processes, and hence, increase product water recovery by preventing scale
formation up to a certain level of supersaturation. While somewhat effective, anti-scaling
chemicals are costly and can lead to membrane biofouling and surface water eutrophication.
Lowering recovery leads to higher waste volumes and is highly undesired. Chemical pretreatment
increases capital costs, plant footprint and process complexity. Therefore, a method that mitigates
scale formation in an environmentally benign and affordable way is of great interest. In this study,
we demonstrate how electrically conducting nanofiltration (ECNF) membranes inhibit mineral
scaling during the treatment of both synthetic and natural groundwater. ECNF membranes are
synthesized by cross-linking a percolating network of carbon nanotubes within a partially aromatic
polyamide coating film. Without applying any potential, ECNF membranes exhibited significant
flux decline, much of which was irreversible upon chemical cleaning with acid. Application of an
alternating positive and negative potentials on the surface of the membrane eliminated irreversible
membrane scaling, and allowed the membrane to operate at a water recovery where the

concentrated feedwater was supersaturated.
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4.2 Introduction

When salt concentrations in water exceed their solubility limit, mineral crystals (known as
mineral scale) begin to precipitate. This precipitation is widely observed on many water handling
systems such as desalination membranes, steam turbines, boilers, and heat exchangers.??6-228 Scale
formation is problematic as it forms a barrier to energy (i.e., heat) and mass (i.e., water) transport,
which increases operational costs, and can also damage equipment (e.g., needle-like CaSO4
crystals can perforate the surface of desalination membranes, which damages their ability to reject
salt). Scale formation is particularly challenging during membrane-based desalination
processes.??%23L In these processes, the passage of water through the membrane results in a layer
of rejected ions at the membrane/water interface (known as the concentration polarization (CP)
layer), where the concentration of retained ions is higher than the concentration in the bulk feed.?*?
In the CP layer, the concentration of ions can rapidly exceed the solubility of certain sparingly
soluble salts, which can lead to their precipitation and subsequent membrane scaling.?% As a result,
membrane performance is degraded (reduced flux and permeate quality), and depending on the
scaling species, the membrane itself may be damaged.?*

Many inland regions are increasingly reliant on desalinated brackish groundwater (BGW) for
their potable water needs, with nanofiltration (NF) and/or reverse osmosis (RO) being the most
widely employed desalination technologies. In these regions, achieving high water recovery is of
particular importance as brine disposal constitutes a large portion of the treatment cost, accounting
for as much as 25% of the total treatment cost.?®® In addition, inland brine disposal presents
numerous ecological concerns, as brine disposal solutions (e.g., evaporation ponds) can damage
the environment.?®® BGW contains elevated concentrations of dissolved divalent ions (calcium,

magnesium, carbonates, and sulfate), as well as silicates.*”-2*° During BGW desalination, these
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ions accumulate in the CP layer where their concentrations exceed the solubility of CaCO3z, CaSOa,
and silica gels (SiOz); importantly, the membrane/water interface facilitates heterogeneous
nucleation of these solids, which is the reason for their rapid formation.240-242

Using CaCOs as a model scalant, it was demonstrated that the formation of mineral crystals is
presaged by the appearance of pre-nucleation clusters (small and stable amorphous clusters of
CaCOs), which appear within seconds even under unsaturated conditions. 226243 Cluster formation
can be explained by the entropic solvent effect, where the release of water molecules from the
solvated ions during cluster formation is the reason for the increased degrees of freedom in the
system.?6:244 Following their formation, the clusters can aggregate and/or grow and lead to the
formation of crystalline CaC03.2%® A similar mechanism has been attributed to the formation of
hemihydrate CaS04.24° When using polyamide-based NF/RO membranes, carboxylic groups in
the polyamide layer can react with divalent metal cations (e.g., Ca®*) and form complexes over the
membrane surface. These specific interactions result in increased Ca?* concentrations that initiate
pre-nucleation and subsequent amorphous nanostructure formation over the surface.?*® Later, these
amorphous nanostructures serve as a template and grow by adding additional ions from the
solution to form the crystalline structure over the membrane surface.?®

Several approaches are used to prevent mineral scaling at the industrial scale: i) Feed stream
acidification, which is effective at minimizing CaCO3z formation, but is not effective at preventing
sulfate scaling (e.g., CaSO4), whose formation is not sensitive to pH;?2624" in addition, low pH can
worsen SiO2 scaling, due to increased polymerization rates (the dehydration of non-ionic SiO: i.e.
monosilicic acid (pH < 7) may result in polysilicic acid formation via silica-oxygen bonding).?*8
ii) The addition of anti-scalant chemicals (often phosphate-based) to the feed stream that chelate

scaling ions and/or absorb onto the growing crystal surface which blocks growth sites.?*> However,
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anti-scalants have several shortcomings, including their high cost (~10% of the total treatment),
potential to promote biofouling, and eutrophication of water bodies receiving the spent brine.?4%-
251 jii) Limiting water recovery during desalination can keep the feed stream below supersaturation
and prevent scaling. However, this decreases the volume of desalinated water, increases the
volume of brine requiring disposal, and can dramatically increase the cost of desalination.?>2-2%
iv) feed stream softening using ion exchange or lime softening, which can be effective at
controlling scaling, but incurs a heavy price tag.?>>?® Another approach involves the periodic
reversal of flow through the system, which can dissolve crystals that form on a membrane surface.
257-25% More experimental approaches towards scaling control include the minimization of ionic
pairing and nucleation by inducing ion migration, sequestration nuclei, and limiting pairing by
creating a stoichiometric ion imbalance in the feed. 105142

Electrically conducting membranes, which enable the application of electrical potentials with
varying magnitude and frequency to the membrane surface, have shown excellent anti-fouling
performance.?%-285 The transport properties of carbon nanotube (CNT)-based membranes can be
readily tuned through the cross-linking of the CNTs with different polymers, where the choice of
polymer controls the pore size, rejection properties, surface roughness, and hydrophobicity of the
composite material.?®%2%7 Critically, by cross-linking the CNTs with polyamide, the composite
takes on the transport properties of nanofiltration or reverse osmosis membranes (the two most
common desalination membranes). #2268 |n a previous study, we reported that the application of
DC conditions to the surface of a conducting RO membrane slowed down, but did not eliminate,
the formation of CaSO, scale.}*? It was speculated that the constant anodic conditions at the
membrane surface repelled Ca?* ions, creating a zone along the membrane where the

concentrations of anions and cations were not at the optimal stoichiometric ratio for nucleation
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and crystal growth. A more recent study demonstrated that AC conditions applied to the surface
of an electrically conducting membrane distillation material prevented the formation of CaSO4 and
silicate scale.'® Here, it was speculated that the periodic motion of ions in response to the applied
potential (i.e., electrophoretic mixing) led to efficient mixing that minimized the co-location of the
ions and prevented the formation of the pre-nucleation clusters. However, the application of
electrically conducting membranes for the purpose of scale mitigation has been limited to synthetic
solutions with simple water chemistry. Unlike synthetic solutions, natural water has the potential
for the simultaneous formation of multiple scale species (e.g., CaCO3, CaSOas, BaSOs, silicates,
etc.) during membrane filtration processes.?>#?6%20 |n addition, the performance of electrically
conducting membranes at high water recovery has not yet been explored. Operating electrically
conducting membranes at high water recoveries leads to highly challenging conditions (i.e., high
saturation of sparingly soluble salts) at the membrane/water interface, which needs to be evaluated
for potential applications of the process. In this study, we fabricate and characterize CNT-based
electrically conducting nanofiltration (ECNF) membranes, and use them to treat both synthetic and
real BGW. We show that the application of AC conditions to the membrane surface successfully
controlled the formation of mineral crystals and membrane fouling. In addition, we show that the
technique can be applied to other conducting surfaces: by immersing two titanium plates into a
super-saturated CaSOs solution and applying AC conditions to the plates we show that

homogeneous nucleation can be dramatically slowed.
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4.3 Material and Methods

4.3.1 Feed solutions

lon composition of model gypsum scaling solution, no-scaling solution, and natural

groundwater is listed in Table 1.

Table 4.1 Concentrations of ions in gypsum scale, no-scaling solutions, and natural groundwater.

Concentration (mM)

Constituent Synthetic No-scaling
) Natural BGW
BGW solution
Na 21.00 21 3.13
Ca 16.40 0 1.60
Mg 14.50 30.91 2.29
Cl 32.81 65.61 3.63
SOy 25.01 25.01 3.25
HCOs 0 0 2.13
Si 0 0 0.32
pH 5.61 5.82 8.47
Conductivity
6.3613 6.3113 1.2023
(mS/cm)
Total dissolved solids
5,058 4,799 1,024
(mg/L)

Calcium chloride (CaCl2-H20), magnesium sulphate (MgSO4-6H20), sodium chloride (NaCl),

were purchased from Fisher scientific, and used as received. All synthetic solutions were prepared

with DIW. Natural groundwater sample was provided by Santa Monica Water Treatment Plant

(Santa Monica, CA) and pretreated with a filter cartridge to remove suspended solids.
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The extent of scale tendency of solutions was quantified in terms of S, defined as:

1, = (Ota)(Ca)KjP(Otb)(Cb)

where o is activity of scalant, C is molar concentration of scalant, and K;p is solubility product.
Model gypsum scale solution has a SI; of 0.96 in terms of gypsum, while natural groundwater has
S1, of 1.94 in terms of CaCOs, and SI,0f 0.05 in terms of gypsum. The SI, was calculated using

OLI software.

4.3.2 ECNF fabrication

Procedures to fabricate ECNF membranes followed previously reported method except
piperazine (PIP, Alfa Aesar) was used to cast polyamide instead of m-phenylenediamine.*? In
brief, carboxyl-functionalized carbon nanotubes (CNT, Cheaptubes Inc.) suspension solution was
prepared by sonicating a mixture of CNT and surfactant (sodium dedocylbenzensulfonate, Sigma
Aldrich). Afterwards, certain volume of the suspension solution was pressure-deposited on PSf
membrane support (PS35, Solatec). Then, the fabricated CNT-membrane was immersed in a 2 wt%
PIP aqueous solution for one hour. Plastic roller was used to remove excessive amount of PIP on
the membrane surface, followed by soaking the membrane in 0.15 wt% 1,3,5-benzenetricarboxylic
acid chloride (TMC, Sigma-Aldrich) in hexane (Fisher Scientific) for 2 minutes. Finally, the

membrane was cured at 80 °C for 5 minutes.

4.3.3 System design and operation

Schematic diagram of membrane filtration system can be found in our previous study.?’*
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A membrane coupon (effective area of 0.004 m?) was placed into a custom-built crossflow
membrane cell and conditioned with DIW overnight until stable permeate flux is obtained. Pure
water permeate flux of membranes was measured at the end of conditioning. Then, feed solution
was fed into the feed tank, and pressure in the system was adjusted to achieve initial permeate flux
of 40 LMH for gypsum scale solution and no-scaling solution, and 50 LMH for natural
groundwater. Then, constant pressure was applied over the course of experiment. Higher initial
flux for natural groundwater was applied to facilitate concentration polarization, which enhances
the nucleation of scale on membrane surface. The filtration system was operated at cross flow
velocity of 4.66 cm/s (corresponding to Reynolds number of 158) and operated in concentration
mode where permeate stream is constantly disposed while brine stream is recycled until water
recovery reaches at a desired point. For testing gypsum scale solution, a filter cartridge (0.45 um)
was placed in brine stream to avoid bulk crystallization of gypsum in the feed tank. For testing
natural groundwater, 1 um filter cartridge was employed to minimize the hold-up volume of
cartridge to achieve a high recovery (i.e., 85%) with a given feed volume (3L). Samples from feed
and permeate were periodically collected to monitor observed salt rejection, defined as R, =

1=y, / V) where ypand y; are conductivity in permeate and feed, respectively.

Once water recovery reached to the target recovery (55% for synthetic solution and 85% for
natural water), membrane cleaning practice was conducted to test reversibility of membrane
performance (i.e., water flux and salt rejection) using deionized water (DIW) for synthetic solution,
and hydrochloric acid (HCI, Fisher Scientific) for natural groundwater. Scaled membrane with
synthetic solution was rinsed by DIW for 30 minutes, and membrane scaled with natural
groundwater was soaked in a HCI solution (pH 2) for 1 hour. Then, a new solution was fed as a

feed to test reversibility of membrane performance.
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4.3.4 Water quality analysis

Water quality (pH, conductivity, anion and cation concentrations) of feed and permeate
samples was monitored to compare the performance of ECNF membranes over the course of
experiment.

pH and conductivity of samples were immediately measured after the sample collection using
portable pH (Thermo Scientific, Orion 720A) and conductivity meter (Orion A321). Turbidity was
measured using a turbidity meter (Hach, 2100P).

Anion (CI" and SO4%) concentrations were measured by ion-chromatography (IC, Thermo
Fisher, Dionex Integrion HPIC). Cation (Na*, Ca®*, and Mg?") and silicon concentration were
measured by induced-couple plasma (ICP-OES, Shimadzu, ICPE9000). Inorganic carbon
concentration was measured using a total organic carbon (TOC) analyzer (Shimadzu, TOC-L) by

measuring inorganic carbon content.

4.3.5 Characterization of membrane surface

The surface of bare and scaled membrane was characterized using field-emission scanning
electron microscopy (FESEM, Zeiss, Supra 40VP) equipped with energy-dispersive X-ray
spectroscopy. EDAX provides an information about atomic composition of the surface being taken.
Contact angle measurement was conducted using a contact angle goniometer (Rame-hart, model
250) to compare the degree of hydrophobicity/hydrophilicity of the membrane surface in different
fabrication steps. DIW was used for contact angle measurement, and at least 10 different area of

each membrane piece were taken. The sheet resistance of fabricated ECNF membrane was
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measured using 4-poing probe (Mitsubishi, MCP-T610). At least, 5 different points of the

membrane surface were measured.

4.4 Results and Discussion

441 Characterization of ECNF membranes

125 £ 4°

i/ 15.2
b.e

-1.8 nm

-18.8 nm -100.9 nm

Figure 4.1. Characterization of ECNF membranes. (a) top-view FESEM image of nodular structure of
ECNF membrane. (b) Cross-sectional SEM image of ECNF membrane having 2 thick CNT-layer on top of
PSf support. (c) Contact angle measurement of PSf support (left), CNT-deposited PSf support (middle),
and ECNF (right). (d) AFM images (scan area of 2 um by 2 um) of PSf support (left), CNT-deposited PSf

support (middle), and ECNF (right).

ECNF membranes were fabricated by pressure-depositing a CNT suspension onto a porous
polysulfone (PSf) support, followed by cross-linking the CNTs using a piperazine-based
polyamide. Field emission scanning electron microscope (FESEM) imaging of the surface of the
ECNF show a nodular surface morphology, which is typical of piperazine-based polyamide
materials used in NF membranes; cross-sectional analysis of the ECNF material shows that the

thickness of the CNT layer deposited on the PSf support was approximately 2 um (Figure 1a and
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b).272-274 While the contact angle of the PSf support was 74 + 4°, the addition of the CNT coating
increased the contact angle to 125 + 4°; when the polyamide layer was used to cross-link the CNTSs,
the resulting contact angle of the final composite was a very hydrophilic 19 + 4° (Figure 1c). AFM
measurements show that the PSf support has a surface root mean square (RMS) roughness of 4.59
nm, while the CNT-deposited PSf support and ECNF have a surface RMS roughness of 30.8 nm
and 14.4 nm, respectively. The sheet resistance of the ECNF membrane was 135.57 + 11.52 Q/sq,
which translates into an electrical conductivity of 3707 + 284 S/m. The ECNF membranes were
evaluated for their ability to reject NaCl and MgSOQas solutions, with salt rejection values of 58.51

+ 4.65% and 93.75 + 1.00%, respectively.

4.4.2 Performance of ECNF treating synthetic solutions

Figure 2 shows the water permeation flux and salt rejection of the ECNF membrane over the
course of the experiment with a synthetic BGW solution (super-saturated with respect to CaSOa)
and a no-scaling solution, where Ca was replaced with an equimolar amount of Mg (MgSQg is
highly soluble, and does not precipitate under the conditions tested). The no-scaling solution was
used to separate the impact of increasing osmotic pressure from that of membrane scaling when
considering the flux decline experienced by the system over time. Under all experimental
conditions, permeate flux decreased as water recovery increased due to the increase in osmotic
pressure. At 55% water recovery, the flux of the no-scaling solution reached to 19.23 + 1.46 LMH
from 29.83 £ 0.15 LMH (i.e., a 36% decline), while the flux of the synthetic BGW without applied
potential reached to 15.08 + 1.97 LMH from 29.83 + 0.27 LMH (i.e., a 49% decline) at the same
recovery (Figure 2a). The higher flux decline suggests that CaSOs crystals did indeed form on the

membrane, which obstructed the flow of water.2”>28 When 4 V,, 1 Hz conditions were applied

96



to the membrane surface, the ECNF exhibited 17.16 + 1.77 LMH at 55% recovery (a 42% decline)
(Figure 2a). The higher water flux measured at 55% recovery under the 4 Vpp, 1 Hz conditions

suggest less CaSO4 crystal formation on the membrane surface, resulting in a reduced flux decline.
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Figure 4.2. Performance of ECNF treating synthetic BGW: (a) water flux of ECNF membranes
over water recovery under no potential, 4 Vp,, and no-scaling (with no potential) condition. (b)
observed salt rejection of ECNF over water recovery under no potential, 4 Vyp, and no-scaling (with
no potential) condition. Each figure shares the legend — no potential (black square), 4 Vy, (red

circle), and no-scaling (blue triangle).
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The characteristic morphology of CaSO;4 crystals (long and needle-like) can result in damage
to the membrane surface.?’”?"® This damage is manifested as an observed decline in salt rejection.
When the no-scaling solution was used, the observed salt rejection increased with water recovery
(the salt rejection increased to 79.56 + 2.65% from 77.10 + 2.48% at 55% water recovery) (Figure
2b). The increase in salt rejection with increasing recovery can be attributed to changes in the ion
composition of the feed solution as it is concentrated throughout the experiment. Since the ECNF
membranes have a lower rejection (~58%) of monovalent ions compared to the rejection of
divalent ions (~93%), and because the membrane permeate was not returned back to the feed, the
molar ratio of monovalent ions to divalent ions in the feed solution decreased with increasing water
recovery. At 3% recovery, the molar ratio of monovalent to divalent ions in the feed was 1.00,
while the ratio was 0.74 at 55% recovery. As this ratio decreases, the membrane appears to have
higher rejection; a similar observation has been previously reported.?’”® When no potential was
applied, the observed salt rejection increased until ~10% recovery, but decreased afterwards. At
55% recovery, the rejection reached 59.07 + 0.32% (76% of its initial value), implying that the
membrane was damaged. However, when AC conditions were applied, salt rejection increased
until 20% recovery, with the final rejection reached at 55% being 75.94 + 5.47% (96% of its initial
rejection) - not statistically different from the no-scaling solution case. This further suggests that
scale formation was suppressed in the presence of the applied electrical conditions.

In addition to the measured salt rejection (determined by measuring the difference in
conductivity between the feed and permeate), the rejection of specific cations and anions by the
ECNF under all experimental conditions was monitored (Figure S1 and S2). When treating the no-
scaling solution, rejection of both of cations (i.e., Mg?*) and anions (i.e., CI- and SO4%) increased

with increasing water recovery, while the rejection of Na* fluctuated. When treating the synthetic
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BGW with no potentials applied, a significant drop in cation (i.e., Ca?*, Mg?*, and Na*) and anion
(i.e., SO4%, and CI") rejection was observed, while the drop in rejection was less significant when
potentials were applied. Specifically, in the absence of applied potential, the respective rejection
of Ca?*, Mg?*, Na*, SO4%, and CI" decreased to 80.41 + 5.62%, 69.78 + 3.66%, 52.53 + 8.87%,
79.76 + 1.85%, and 50.39 + 2.38% (83%, 73%, 82%, 83%, and 70% of their initial rejections,
respectively), at 55% water recovery. In contrast, when AC conditions were applied, the respective
rejection of Ca?*, Mg?*, Na*, SO%, and CI- were 95.29 + 3.40%, 93.09 + 4.70%, 66.14 + 5.38%,
94.46 £ 4.62%, and 69.92 + 8.41% (97%, 95%, 95%, 97%, and 97% of their initial rejection,
respectively), at 55% water recovery.

Once water recovery reached 55%, the experiment was stopped, and the membrane surface
was rinsed, without removing the membrane from the module, for 15 minutes with deionized water
(DIW). Following the DIW rinse, a fresh solution was introduced, and the experiment repeated
(Figure 2). Since CaSOs scale is known to be pH-insensitive, the DIW rinse was expected to
dislodge loosely-attached particles and remove the CP layer, but not significantly dissolve any
scale that grew as a result of heterogenous nucleation and crystal growth.?8%281 After the rinse, the
ECNF tested with fresh synthetic BGW under the applied AC conditions completely recovered its
water flux of 30.4 + 2.49 LMH (102% of initial flux), while the flux of the ECNF tested with fresh
synthetic BGW in the absence of the applied potential was 37.16 + 3.72 LMH (124% of its initial
value) (Figure 2a). This increased flux corresponds with the significant drop in salt rejection,
indicating that the membrane was damaged from the deposited CaSO4 scale. In contrast, when the
AC conditions were applied, only a modest drop was observed: the rinsed ECNF maintained 68.58
+ 7.08% (87% of its initial rejection), and the rejection reached 73.09 + 7.42% (92% of initial

rejection) at 40% recovery with new feed solution. Similarly, in the absence of the applied potential,
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Figure 4.3. Surface characterization of scaled membrane that treated synthetic BGW: (a) image of scaled
membrane after two rounds of treatment under the no potential condition; (b) image of scaled membrane
after two rounds of treatment under 4 V,, conditions (c) FESEM image of scaled membrane under no
potential conditions (d) FESEM image of scaled membrane under 4 V, conditions (e) EDAX spectrum of
membrane under no potential condition (f) EDAX spectrum of membrane under 4 Vp, condition.
significant rejection drop of cations and anions was observed when testing the new feed solution,
while the drop in rejection was less pronounced when potentials were applied (Figure S1 and S2).
In the absence of the applied potentials, the respective rejection of Ca*, Mg?*, Na*, SO4*, and CI-
decreased to 44.02 + 3.74%, 32.20 + 3.55%, 45.37 + 2.39%, 40.36 + 4.02%, and 21.25 + 5.39%
(47%, 33%, 71%, 42%, and 30% of their initial rejections, respectively, in the first run of the
experiment). However, when AC conditions were applied, the rejection of Ca?*, Mg?*, Na*, SO,
and CI- was 86.13 + 9.42%, 85.01 + 9.76%, 67.10 + 3.11%, 88.78 + 10.60%, and 57.17 + 9.05%
(88%, 87 %, 97 %, 91%, and 79% of their initial rejection in the first run of the experiment,

respectively). The difference in the salt rejection drop after cleaning further strengthens our
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speculation that membranes without potentials suffered from more severe gypsum scale formation,
which damaged the surface.

The surface of the ECNF membranes after two rounds of treatment were imaged using a digital
camera, FESEM, and energy-dispersive X-ray spectroscopy (EDAX). Membrane images clearly
show that less scale was formed on the membrane when AC conditions were applied, compared to
the no potential condition. (Figure 3a and b). FESEM images of the CaSOs scale did not show the
distinct rosette structure typically associated with heterogeneous gypsum crystals (Figure 3c and

d).?82283 At low water recovery, the estimated gypsum saturation index (S1,) in the bulk feed was
0.96, such that no bulk precipitation is expected to occur (precipitation occurs when SI;>1).
However, the SI; of gypsum near the membrane surface (in the CP layer) was estimated to be 2.42,

and heterogeneous nucleation near the membrane is expected; detailed calculations used to obtain
the SI near the membrane surface can be found in the Supporting Information. At high water
recovery (55%), gypsum’s S1gin the bulk feed and near membrane surface increased to 2.00 and
3.04. Therefore, at high water recovery, both homogeneous and heterogeneous nucleation likely
contribute to gypsum crystal formation, possibly leading to the observed crystal structures — a
result of homogeneously-formed gypsum crystals depositing on the membrane surface. CaSO4
scale formation was confirmed using EDAX analysis, which showed that the dominant atomic

species on the scaled membrane surface were Ca, S, and O (Figure 3e and f).
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4.4.3 Performance of ECNF treating natural groundwater
The same experimental approach was applied towards the treatment of natural BGW extracted

from an aquifer in Santa Monica, CA, with the % recovery extended to 85% to simulate a desirable
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Figure 4.4. Performance of ECNF treating natural BGW: (a) water flux of ECNF membranes over

water recovery under no potential. and 4 V. (b) observed salt rejection of ECNF over water recovery
under no potential, and 4 Vy, condition. Each figure shares the legend — no potential (black square),

and 4 Vy, (red circle).

treatment outcome that minimizes the volume of brine; the ionic composition of this BGW can be
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seen in Table 1. Changes in the water flux and salt rejection with and without the applied electrical
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Figure 4.5. Cation rejections of ECNT treating natural BGW over water recovery under no potential and

4 Vpp, 1 Hz conditions: (a) Mg?* rejection. (b) Na* rejection. (c) Ca?* rejection. Each figure shares the
legend — no potential (black square), and 4 V, (red circle).

conditions can be seen in Fig. 4a and b. Similarly to the results generated with synthetic BGW,
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water flux decreased with increasing water recovery under all experimental conditions. The flux
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Figure 4.6. Anion rejections of ECNT treating natural BGW over water recovery under no potential and
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decreased to 15.86 + 5.62 LMH from 50.80 + 0.72 LH (69% decline) at 85% recovery, while the
flux of ECNF with the applied potential only decreased to 23.62 + 2.44 LMH from 51.51 + 1.54
LMH (54% decline) at the same recovery (Figure 4a). For salt rejection, when AC conditions were
applied, the ECNF exhibited increasing salt rejection over the course of the experiment, with salt
rejection increasing from 63.42 + 0.90% to 75.02 + 4.65% (18% increase) at 85% recovery.
However, in the absence of applied potential, the ECNF exhibited an increasing salt rejection only
up to 70% recovery (from 69.01 + 1.73% to 78.11 + 1.28%), at which point the rejection declined
(to 74.74 + 3.15% at 85%) (Figure 4b). While not statistically significant, the trend suggests that
the membrane may have been damaged as a result of crystal growth. Furthermore, the larger flux
decline observed in the absence of AC conditions further strengthens the case that AC conditions,
when applied to the surface of ECNF membranes, minimize the formation of scale, even with the
complex chemistry of natural BGW.

The rejection of cations (Ca?*, Mg?*, and Na*) and anions (SO4%, CI-, and Si) by the ECNF
was monitored throughout the experiments (Figure 5 and 6). In the absence of applied potentials,
a notable decrease in Na* and Mg?* rejection was observed when recovery reached ~70 % (Figure
5a and b). In contrast, under the applied AC conditions, no drop in rejection was observed
throughout the experiment. For anions, in the absence of the applied potentials, a decrease in ClI-
and SO4? rejection at high recovery, and no change in Si rejection was observed (Figure 6a — c).
When AC conditions were applied, CI- and SO4* rejection increased with increasing water
recovery. However, Si rejection decreased at low water recovery, and began to increase at 50%
recovery; although the reason is unclear, Si is expected to be uncharged (i.e., Si(OH)4) in the pH

range of groundwater (8 — 8.5), which should minimize the impact of the applied potential.
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Once 85% recovery was achieved, the membranes were soaked in an HCI solution (pH 2) for
1 hour, and the performance of the cleaned membrane was tested with fresh feed. After the cleaning,
the ECNF membranes without the applied AC conditions recovered to 29.23 + 7.17 LMH (57%
of their initial flux) while ECNF membrane with the applied AC conditions recovered to 40.20 +
1.62 LMH (79% of their initial flux) (Figure 4a). Unlike in the synthetic BGW case, cleaning (i.e.,
acid soaking) was less effective in restoring flux, which is likely due to the different composition
of the scale. Natural BGW not only has a potential for gypsum scale formation, but also has a
potential of calcium carbonate and silicate scale. In the bulk feed solution at 85% recovery, natural

BGW had SI; values of 4.59, 0.17, and 0.24 in terms of CaCOs, CaSO4-2H:0, and SiO,
respectively, while the respective SI, values of CaCOs, CaSO4-2H20, and SiO: in the CP layer
were estimated to be 8.11, 0.34, and 0.41. Although SI; values for CaSO4-2H20 and SiO; were

both <1, indicating no scale formation should occur at these conditions, EDAX data shows both S
and Si peaks, indicating possible crystal formation from these species (Figure 7). For complex
scale, a combination of cleaning steps (e.g., acid cleaning followed by base cleaning) is typically
employed in groundwater treatment plants. 28428 Interestingly, the ECNF membrane without the
applied AC conditions experienced a significant drop (i.e., 15% decrease) in salt rejection after the
cleaning. In contrast, the ECNF membranes with the applied AC conditions fully recovered their
salt rejection (104% of their initial value). In line with the overall decrease in salt rejection, a
significant decrease in divalent ion (Mg?*, Ca?*, and SO4%) rejection after the cleaning was
observed in the absence of the AC potentials; monovalent ion rejections (Na* and CI) remained
relatively unchanged (Figure 5 and 6). Similarly, in the presence of AC potentials, a significant
decrease in Ca?* and SO4?" rejection was observed after the cleaning step. However, no significant

decrease in Mg?* rejection was observed, and monovalent ion rejection was higher than the initial
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rejection values measured in the 1% round of the experiment (Figure 5 and 6). Thus, it is suspected
that the cleaning step (i.e., soaking in a HCI solution (pH 2)) altered the properties of the polyamide
salt rejecting layer. To investigate this hypothesis, the performance (i.e., salt rejection and water
flux) of a fresh ECNF membrane before and after the acid soaking was compared using a synthetic
groundwater solution that had a similar composition to the natural BGW (Table S1). Condition of
the cleaning practice (i.e., cleaning duration, procedures, and concentration of the cleaning agent)
were identical to those used during the natural BGW treatment. Acid soaking did not significantly
change the water flux and salt rejection, increasing slightly from 28.25 + 0.06 LMH to 30.43 +
1.76 LMH and from 55.29 + 5.61% to 60.72 + 5.08%, respectively (not a statistically significant
increase) (Figure S3). Ca?* rejection did not change significantly, either (from 90.13 + 6.31 to
89.06 * 7.42%), while the rejection of other ions (Mg?*, SO42 Na*, and CI°) were enhanced by the
acid soaking, but the increase was not statistically significant (Figure S3). Although it was
previously reported that acid soaking can result in enhanced water flux with a lower salt rejection
due to polyamide hydrolysis, we did not observe a dramatic change in salt rejection after soaking
the membrane in acid. 226-2° Therefore, we speculate that the decrease in Ca* rejection observed
after the acid cleaning is a result of the elevated Ca concentrations at the membrane/water interface,
which were potentially caused by dissolution of Ca-dominant minerals that accumulated on the
membrane (Figure 4a).

Once 20% water recovery was achieved in the second round of treatment, the surface of ECNF
membranes was analyzed using FESEM and EDAX. In general, less scale was observed on the
surface of ECNF membrane when AC conditions were applied (Figure 7). Specifically, scale was
formed throughout the membrane surface when no potentials were applied (Figure 7a), while under

the AC conditions the membrane was scale-free in the entrance region (left side of membrane in
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Figure 7b), with some scale visible at the exit region. FESEM images showed a hon-specific crystal
structure, likely due to its mixed nature (i.e., CaSO4, CaCOs, silicate, etc.) (Figure 7c and d).

EDAX results showed that the dominant atoms in the scale were Ca, S, and O (Figure 7e and f).
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Figure 4.7. Surface characterization of scaled membrane that treated natural BGW solution: (a) image of
scaled membrane after twice running of experiments under no potential condition. (b) image of scaled
membrane after twice running of experiments under 4 Vy, condition. (c) FESEM images of scaled
membrane under no potential condition. (d) FESEM image of scaled membrane under 4 Vy, condition. (e)
EDAX results of scaled membrane under no potential condition. (f) EDAX results of scaled membrane

under 4 Vp, condition.

The reduced/delayed scaling on the membrane surface is likely a result of the electrophoretic
mixing induced by the polarity reversal (Figure 2). As the potential is alternated between positive
and negative signs, cations (i.e., Ca?*, Mg?*, and Na*) and anions (i.e., CI" and SO4*) move in
opposite directions, with the change in direction occurring at the frequency of the AC signal (1 Hz
in our work).1% We speculate that this constant change in ion migration direction prevents their

co-location for sufficient periods of time, which minimizes the formation of pre-nucleation clusters,

108



and slows the overall crystallization reaction. In addition, even when nucleation does occur, the
enhanced surface charge provided by the externally applied voltage leads to the formation of a
thick electrical double layer (which is a function of the surface charge) that moves the nucleation
zone away from the membrane surface where only one ion species exists. Then, nuclei that are

formed away from the membrane surface can be easily carried away by the feed cross-flow.4?

4.5 Conclusions

In this study, the effect of AC potentials (4 Vpp, 1 Hz, square form) on gypsum scale formation
was investigated. An ECNF membrane treating a synthetic BGW (prone to gypsum scaling) and
natural BGW was employed to investigate membrane scaling, while an electrolytic cell was used
to investigate the impact of the alternating potentials on homogeneous nucleation and crystal
growth in a solution. In all cases, the application of AC potentials effectively mitigated scale
formation both on the surface of ECNF membranes (simultaneous homogenous and heterogeneous
nucleation) and titanium plates in a stirred electrolytic cell (homogeneous nucleation dominant).

With AC potentials applied, the ECNF membrane treating synthetic BGW experienced less
severe flux decline, and almost no salt rejection drop over the course of the experiments. In contrast,
in the absence of applied potentials, a significant flux decline and large salt rejection drop was
observed. In addition, after a cleaning step (using a DIW rinse), it was observed that membrane
performance (i.e., flux and salt rejection) deteriorated under the no-potential condition due to
irreversible scale formation, while the performance was nearly fully recovered with AC potentials.
Similarly, when the ECNF membrane was used to treat natural BGW, the application of AC
potentials resulted in less severe flux decline, no decrease in salt rejection, and excellent

reversibility of membrane performance (flux and salt rejection) after a cleaning step. However, in
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the absence of the applied potentials, the membrane suffered from significant flux decline, salt
rejection drop, and severe irreversibility of membrane performance after cleaning. These findings
imply that employing ECNF membranes with applied AC potentials could be a chemical-free and
environmentally benign way to minimize brine production and increase the availability of potable
water, by increasing water recovery during BGW desalination. Importantly, ECNF could be more
cost-effective than the use of antiscalants, which also pose a threat to the water quality of receiving
waters (where brines are disposed of) and membrane performance. The additional cost associated
with the fabrication of the ECNF membranes (above the standard cost of NF membranes) is only
$0.10/m? (the cost of the CNTs). The application of AC potentials (i.e., 4 Vpp, 1 Hz) costs only
$0.02/m?® of treated water as reported previously. % In contrast, the cost of antiscalant with optimal
pH adjustment adds between $0.02/m*® — $0.04/m?, and the addition of antiscalants adds an
environmental cost that is hard to estimate (it should be noted that the additional price for the dose

of antiscalant and acid depends on the quality of chemicals and feed water).®

4.6 Supporting information

4.6.1 Calculation of saturation index

With an assumption of one-dimensional flow and full development of boundary layer, film

model provides a following differential equation:
Js=CXx]J,x (=D 2—5) Equation (1)
where J, is solute flux, C is solute concentration in the boundary layer, J,, is water flux, and C is

the diffusion coefficient of solute in water. For a boundary layer having a thickness of &,

integration of Equation. (1) gives

Cm—Cp JuX§ .
CoC, exp( > ) Equation (2)
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where Cp, is solute concentration near the membrane surface, C,is solute concentration in the

permeate, and Cj, is solute concentration in the bulk feed. The term, %, can be expressed as k, a

mass transfer coefficient. By rearranging Equation (2),

Cn = (Cp — Cp) X eXp(];") + G, Equation (3)
Mass transfer coefficient, k, can be expressed with Sherwood number (Sh):
__ ShxD .
k = - Equation (4)

where dh is hydraulic diameter of the flow channel. Then, Sherwood number has an empirical

correlation with Schmidt number (Sc) and Reynold’s number (Re):

Sh=0.6 X ch X Re% Equation (5)
Thus, mass transfer coefficient was obtained using Equation (4) and (5). Diffusion coefficient was
obtained from the OLI software. Then, ion concentrations near the membrane surface (i.e., in the
CP layer) was obtained from Equation (3). Finally, using the ion concentrations in the CP layer,

saturation index was predicted through OLI software.
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4.6.2 ECNF treating synthetic BGW solutions
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Figure S 4.1. Cation rejections of ECNT treating synthetic BGW over water recovery under no potential

and 4 Vyp, 1 Hz conditions: (a) Mg?* rejection. (b) Na* rejection. (c) Ca?* rejection. Each figure shares the

legend — no potential (black square), 4 Vyp (red circle), and no scaling (blue triangle).
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Figure S 4.2. Anion rejections of ECNF treating natural BGW over water recovery under no potential
and 4 Vpp, 1 Hz conditions: (a) Cl- rejection. (b) SO4* rejection. Each figure shares the legend — no
potential (black square), 4 Vy, (red circle), and no scaling (blue triangle).

Table S 4.1. Concentration of ions for acid soaking test

Constituents Concentration
(mM)
Na 8.70
Cl 11.28
Mg 8.23
S04 2.08
Ca 4.99
HCO3 3.28
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Chapter 5.

Conclusion
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The dissertation presented optimization of groundwater desalination treatment trains, as well
as improved performance of desalination with electrically-conducting membranes.

In Chapter 1, we briefly discussed the necessity of membrane filtration to solve the problem
of water scarcity. Then, brief history of each membrane types (i.e., MF, UF, NF, and RO) was
addressed with their characteristics, industrial application, and removal mechanisms. Then, pros
and cons of membrane filtration was briefly discussed, followed by in-depth discussion of the most
challenging problem that membrane filtration has, membrane fouling. Finally, we review different
approaches to overcome the disadvantages of membrane filtration.

In Chapter 2, we briefly addressed relative ineffectiveness of RO membrane for remove boron
removal during sweater desalination, possible outcomes when desalinated water that contains high
boron concentration is consumed by boron-sensitive plants, and conventional strategy to enhance
boron removal efficiency by RO. Since the conventional strategy comes with a huge price tag (i.e.,
capital and operational cost), we presented an application of cathodic potentials on electrically
conducting RO membranes that facilitated water electrolysis, resulting in enhanced boron removal
efficiency without any chemical assist or post-treatment. Lastly, an economic analysis suggested
using electrically conducting RO membranes for boron treatment could be more economical when
it is compared to conventional method.

In Chapter 3, we briefly compared different water treatment technologies, and stated possible
outcomes when product water contains high contaminants level, justifying the necessity of
optimization of water treatment train. Then, possible candidates of technologies for groundwater
desalination were chosen based on the water quality that would be used as feed. By treating
synthetic groundwater, it was found that quartz sand filtration is relatively less effective on

contaminant removal compared to greensand and activated alumina. By treating natural
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groundwater, it was found that with a combination of selected technologies can produce potable
water that meets drinking water standard set by USEPA. Finally, an economical model predicted
the best combination of treatment train that produces potable water at the lowest possible water
production cost while water quality meets the drinking water standard.

Chapter 4 elaborated the impact of frequent polarity reversal on mineral scale formation on
electrically conducting nanofiltration membranes. By applying alternating current (4 Vpp, 1 Hz)
on the surface of ECNF membrane, gypsum scaling formation was significantly delayed, resulting
in less flux decline as well as less salt rejection drop. Without any voltages applied, ECNF
membrane significantly suffered from the formation of scale. This approach was applied to both
synthetic brackish groundwater and natural groundwater. Under both conditions, ECNF
successfully delayed the formation of mineral scale on the surface, which could be a promising

method to mitigate membrane scaling without any chemical dosage.
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