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ABSTRACT OF THE DISSERTATION

Tuning Separation Processes Using Electroactive Membranes for Oil Fouling Prevention

and Salt Rejection Optimization

by

Xiaobo Zhu
Doctor of Philosophy in Civil Engineering
University of California, Los Angeles, 2019
Professor David Jassby, Chair

Membrane technology is an advanced water treatment process that well addresses
water scarcity. It provides versatile treatment processes to expand freshwater resources,
including seawater and brackish water desalination, wastewater and contaminated
groundwater recycling. However, membranes are prone to fouling. In addition, they suffer
from low water recovery, as well as a trade-off between water permeability and salt
selectivity in desalination processes. Here, we incorporated carbon nanotubes (CNT) based
electro-conducting thin film into commercial membranes, and evaluated their viability as
an effective approach to minimize membrane fouling along with adjusting the membrane’s

selectivity toward different salt ions.

il



We first studied the fouling of model oil (hexadecane) emulsions stabilized by
anionic, cationic and nonionic surfactants in a crossflow filtration system using
ultrafiltration (UF) and nanofiltration (NF) membranes. In the UF filtration experiments,
emulsions stabilized with the cationic surfactant quickly fouled the negatively charged UF
membranes. Anionic and non-ionic surfactants stabilized emulsions, on the other hand,
experienced less fouling. NF membranes exhibited exponential fouling with all types of
surfactant stabilized emulsions. When 10 mM NaCl was used as the electrolyte, the
differences between the surfactants were quenched. We demonstrated that the electrostatic
interaction between the membrane surface and emulsion droplets was of key importance
in membrane fouling. Therefore, we utilized electro-conducting CNT membranes to treat
emulsion droplets at ionic strengths as high as 100 mM. Membrane fouling was reduced
dramatically when electrical potentials were applied to the membrane surface. We
concluded that the reduced fouling was due to less oil coalescence, which was caused by a
re-distribution of charged surfactant molecules at the oil/water interface in response to the
electric field. Finally, we fabricated electro-conducting NF membrane by incorporating
multi-walled CNT (MWCNT) and single/double-walled CNT (S/DWCNT) network into
the polyamide (PA) film. By tuning the electrical potentials applied to the membrane
surfaces, the membrane’s ion selectivity was dramatically changed. In particular, the
application of negative potentials assisted MWCNT-PA membrane to better reject NaCl,
but allowed more NaCl to pass through S/DWCNT-PA membranes. We concluded that the

phenomena resulted from different membrane film structures.
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Chapter 1. Introduction



1.1 Water Scarcity

Without access to fresh water, it would not be possible for humans and other animals
on Earth to survive. However, only 0.8% of Earth’s water is direct fresh water,' that is
readily available for human usage. Further, due to population growth and climate change,
there is a growing demand for fresh water for agricultural irrigation, industrial production,
and domestic use.? In addition, water pollution caused by human activity, such as the use
of products that contain micropollutants, has threatened the availability of fresh water even
further.> Water management strategies such as dam construction and water transfer have
implemented to address this water shortage; however, they have proven ineffective,
expensive and even detrimental to the local ecosystem.* Therefore, there is a need for
technology that addresses water scarcity in a manner that is both effective and
environmentally benign.

The main strategies to address water scarcity include water reuse (wastewater or
contaminated groundwater recycling), and desalination (remove salt ions from seawater
and brackish water).> Membrane technology is an available tool for both strategies. It
provides a solution for producing unlimited fresh water from sea water or brackish water,
and at the same time allows for the recycling of fresh water from contaminated water
resources. It has been branded as the benchmark technology for desalination due to its low
energy demand for water recovery, and also its effective production of high-quality water.’
However, membrane technology is not flawless. It suffers from severe membrane fouling
that deteriorates membrane performance, thus multiple pretreatment steps must be used to

reduce membrane fouling,%’ and additional energy or chemicals are required to recover the



membrane.® In some cases, membranes are ineffective at rejecting small and neutral
charged species such as phenol, acetone, and boron.” Moreover, it is necessary to develop
advanced post-treatment processes to deal with the high salinity retentate being produced.!’

The remaining challenges in membrane technology are persuading researchers to
develop the next generation of membrane materials to resist fouling, effectively remove
uncharged molecules, and allow higher water recovery with lower energy consumption.
1.2 Membrane Technology

Membrane technology uses a physical barrier to separate substances. It has been well
demonstrated as a promising separation technology for a wide range of chemical species
including water, organic solvents, and gas species. For example, membranes for water
treatment allow water to pass through and exclude pollutants such as bacteria, organics and
salt ions. Gas separation membranes are less effective at separating gas mixtures; they can
only enrich certain gas species that diffuse faster than the others. Therefore, an ideal
separation of gas mixtures may require multi-stage membrane processes. In the following
sections, membrane classification, transport mechanisms, and fundamental aspects of

filtration processes will be discussed.

1.2.1 Membrane classification and transport mechanisms

Membranes are most commonly used in pressure-driven processes, which can be
classified as microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), pervaporation,
and gas separation.!' These processes rely on pressure differences to transport products
across the membranes and are classified based on their membrane pore size (Figure 1.1).

MF uses micron-sized porous membranes to separate large pollutants including oil



emulsions, bacteria, and particles. UF uses membranes with a smaller pore size that is in
the range of 1 to 100 nm, which is effective at removing natural organic matters (NOMs).
NF uses membranes with a pore size around 1 nm, which is able to remove multivalent
ions and surfactants. RO is effective at removing monovalent ions, which makes it as a
state-of-art seawater and brackish water desalination technology. Pervaporation
membranes separate liquid mixtures such as organic-organic mixture and organic-water
mixture. Gas separation uses membranes to selectively separate gas species. The transport
of molecules across both MF and UF membranes are best described by the pore flow model,
where membrane pores are relatively large and stable during separation. RO,
pervaporation, and gas separation follow the solution diffusion model, which needs
nonporous membranes to initially dissolve or adsorb molecules in the voids (free-volume
elements) between polymer chains, then these molecules diffuse through the thermal
motion of polymer chains. During the process, the voids between polymer chains are
changing dynamically.'?

The transport of permeate in the pore flow model and the solution diffusion model
are described by Darcy’s law (Equation 1) and Fick’s law (Equation 2). Where J; is the
membrane permeate flux of the specie i, k and u are the permeability and viscosity of the
fluid transport through a porous media. D; is the diffusion coefficient that describes the rate

of specie i, passing through a nonporous media. The pressure and concentration gradients

d dc; .
d—z and d—:, are the driving force for the permeate flow.
_ kapr
Ji =2 (1)



dc;

Ji=-D; dx (2)

Membranes are not only evaluated based on their permeability, which represents the
transport rate of product across the membrane, but also their selectivity, which describes
the effectiveness of separation. In water treatment processes, membrane selectivity is

normally described as a rejection R, as shown in Equation 3:

R=< —C—")x100% 3)
cr

Where ¢, and ¢ represent the solute concentration in the permeate and the feed

solutions.
10,000 1,000 100 10 1 05 0.0 nm

Pore Flow Model

Figure 1.1: Concentration polarization and membrane fouling in a crossflow filtration
process.

In general, in constructing membranes, researchers must make a trade-off between
permeability and selectivity. For instance, a membrane with a smaller pore size would

achieve higher selectivity with reduced permeability. Therefore, an appropriate selection



of membranes for target goals such as required rejection and permeability are crucial to
achieving optimal conditions.
1.2.2 Concentration polarization and membrane fouling

One of the most important fundamental aspects of the membrane filtration process
is concentration polarization and its resulted in membrane fouling. Membranes for water
treatment allow a fast transport rate of water through the membrane, while large substances
are excluded and accumulated on the membrane surface. The concentration difference of
unwanted species between the bulk solution and the membrane surface is called
concentration polarization (Figure 1.2). The accumulation of such species including salt
ions, colloids, and gas molecules deteriorates membrane performance in the form of a
reduced effective driving force and severe fouling phenomena. In RO and NF processes,
membranes are effective at rejecting salt ions, which lead to the concentration build-up of
salt ions at the water-membrane interface (Figure 1.2). Thus, higher pressure is needed to
overcome the extra osmotic pressure (Cp-Couik) generated by concentration polarization in
order to maintain the same permeability. Operational efforts have been made to reduce the
concentration polarization by inducing a better mixing of the solution near the membrane
surface. For example, introducing a continuous and fast crossflow of the feed solution on
the membrane surface is shown to be effective. In UF and MF processes, membranes are
more porous and usually operate at much higher fluxes compared to RO and NF. Pollutants
are rejected due to their size, which is larger than membrane pores (pore flow mechanism).
The permeate drag acting on these pollutants including particles, organics, and bacteria

causes their concentration build-up (concentration polarization, Figure 1.2) on the



membrane surface, and subsequently forms a dense gel layer or cake layer that fouls the

membrane surface and results in a dramatic drop of membrane performance.

Simplified mathematical models were used to characterize the concentration

polarization in RO processes (Equation 4),'! and membrane fouling in UF/MF processes

(Equation 5-6),'3 where A is the water permeability coefficient, Ap and Am are the

hydraulic pressure difference and osmotic pressure difference across the membrane, u is

the dynamic viscosity of the permeate, R;, Ry, Ry, Rer, and R;; represent the total

resistance, intrinsic membrane resistance, polarization layer resistance, cake layer

resistance, and internal fouling resistance, respectively.

Figure 1.2:
process.

Ji = A(bp — Am)

Ap
UR¢

Ji=

Rt:Rm+ Rp+ Ref+le

Concentration

bulk

Membrane support

Drag force

Distance

4)
(5

(6)

Concentration polarization and membrane fouling in a crossflow filtration



1.3 Membrane Separations for Treating Oily Wastewater

1.3.1 Membrane oil fouling overview

Oily wastewater is largely produced in industrial unit processes and thus raises huge
environmental concerns. For example, oil and gas industries produce 60 million barrels of
produced water daily within the United States.!* Among pollutants found in these oily
waste streams, oil emulsions are a problematic class of concerns. While free oil or unstable
emulsion droplets that are larger than 10 um can be removed using gravity-based
separations, emulsified droplets with less than 10 pm are best removed using membranes. !>
However, oil is capable of wetting the membrane surface, which can destroy membrane
performance.!¢ In particular, the compression and coalescence of oil emulsions complicate
the membrane oil fouling phenomenon.

Emulsion oil droplets are stabilized by amphiphilic molecules comprised of
hydrocarbon-based hydrophobic tails and hydrophilic heads (known as surfactants). A
stable emulsion is formed when the hydrophobic tails partition into the oil phase and the
hydrophilic heads remain in the water phase at the oil-water interface. Therefore, the
properties of emulsion droplets including charge, size, and interfacial tension are highly
dependent on the surfactants’ hydrophilic heads, which are of fundamental importance in
the fouling phenomena. Unlike traditional fouling caused by colloidal particles, which is
mainly due to the concentration polarization and subsequent cake layer formation,
membrane oil fouling is more complicated due to the dynamic changes of foulant layer
such as emulsion deformation and coalescence, which further leads to membrane surface

wetting.



1.3.2 Fouling mechanisms

1.3.2.1 Traditional fouling models

The flux decline in UF and MF membrane filtration processes were extensively
studied using 4 classical fouling models that are summarized in Table 1.1:!7-1 1)
Completely pore blocking assumes the membrane pores were fully covered after the
deposition of single layer foulants. Thus, the permeate flux was only allowed to go through
the uncovered membrane pores. 2) Intermediate pore blocking assumes the possible
deposition of new foulants on top of the initial fouling layer; 3) Cake filtration assumes the
formation of a cake layer on top of the membrane surface. This cake layer is porous to
permeate flow but provides additional resistance; 4) Standard blocking assumes foulants
can enter pores, and accumulate on the pore wall, which decreased membrane porosity.
Mathematical equations that describe each model were also reported in Table 1. Symbols
of V, t, ]y, a, Kp, K;, K., and K, represent cumulative permeate volume, filtration time,
initial permeate flux, membrane surface area, and coefficients for completely pore
blocking, intermediate pore blocking, cake filtration, and standard blocking, respectively.
These models provide a straightforward method to correlate the complicated filtration
results from different types of fouling studies to simple coefficients. However, such models
are only applicable for ideal unstirred dead-end filtration processes that are less commonly
found in industrialized filtration processes.?’ These models also failed to capture the

emulsion coalescence event happened in membrane oil fouling process.



1.3.2.2 Emulsion coalescence event

Several approaches have been developed to study the emulsion coalescence event
(Table 1.2).2! Film drainage is one of the most popular models that describes two bubbles
or droplets are prevented from coalescing by a layer of film. For example, a water layer is
the film that is trapped between two interfaces of oil droplets. In this model, droplets
coalescence can be divided into three events?>?3: 1) a thin film was formed when two
droplets collided, 2) attractive forces between two interfaces gradually drained the film
until it reached a critical thickness, 3) the film ruptured and droplets coalesced. The overall
coalescence is controlled by the droplets contact time and the film drainage time. Collision
models were proposed to characterize the coalescence based on the collision frequency
between contacting droplets, which are highly dependent on droplet size and approaching
velocities.?> Moreover, an more explicit energy model was proposed to link the coalescence
efficiency to droplets generalized properties of droplets including kinetic collision energy
and interfacial energy.>* Most recently, Rekivg et. al. used a coarse-grained dissipative
particle dynamics approach to investigate the interaction between oil/water/surfactant
interfaces and film rupture event at the molecular scale.” Instead of using theoretical
models, Tummons et. al. set up a customized crossflow MF system to visualize the oil
fouling phenomena in real-time and concluded that the fouling is controlled by the
emulsion coalescence and the crossflow induced shear.!> However, it is still challenging to
link the droplets coalesce to the subsequent membrane fouling due to the complexity of the

process.
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Table 1.1: Classical membrane fouling models.

Completely pore Intermediate pore Standard
Model Cake filtration
blocking blocking blocking
Governing dv dt 1 Kt t 1 KV t 1 Kt
——=Joa— K,V Vo7, T v, TS T AT
equation dt av. Jo V. Joa 2 V Joa 2
Table 1.2: Theoretical models for emulsion coalescence.
Film drainage Collison Molecular
Model Energy model
model model simulation
. 1 1 Dissipative
Equations or
£ h~d, v particle
drainage o
comments =exp (——) =exp (— )
tcontact Ekin dynamics

A h, d, v, tarainages teontacts Eqs Exin are emulsion coalescence efficiency,
collision frequency, particle diameter, particle velocity, drainage time, contact
time, interfacial energy, kinetic collision energy.

1.3.3 Recent development of oil repellent membranes

A significant effort has been spent on the development of anti-fouling membrane

materials for oil/water separations, with the goal of creating oil-repellent materials that

resist wetting.?¢ In general, poly(vinylidene fluoride) (PVDF) is commonly used as a base

material to fabricate anti-fouling membranes due to its extraordinary chemical resistance

to acids, hydrocarbons, and organic solvents; and stable performance under a wide range

of temperatures.?’” However, a neat PVDF membrane suffers from severe membrane

fouling which results in the reduced permeate flux and lower oil rejection. Recent
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researches mainly focused on two approaches to improve the performance of PVDF
membranes: 1) Cast membranes using the mixture of PVDF solution and hydrophilic
polymers, especially amphiphilic polymers, or nanofillers such as titanium oxide and
aluminum oxide nanoparticles. This process is normally known as blending.?®% Blending
hydrophilic polymers such as noncharged poly(methyl methacrylate) and charged
sulfonated polycarbonate or sulfonated polyether ether ketone were shown to be effective
at reducing the membrane surface energy, thus increasing membrane surface
hydrophilicity.?®3%*! However, membranes may collapse due to the incompatibility
between two polymers.?® More recently, amphiphilic copolymers were used instead to
resolve the compatibility issues with PVDF and still improve membrane surface
hydrophilicity. A series of amphiphilic copolymers with different structures including co-
block and tri-bock were used to increase the membrane’s anti-oil fouling resistance.>3* 2)
Modify the surface of PVDF membrane through physical grafting or chemical binding a
hydrophilic layer. It is essential to create enough reactive sites on the membrane surface
through plasma treatment, ultraviolet, and electron beam radiation. Thereafter, polymer
brushes can form by covalently bond to the membrane surface.**>7 Both methods provide
PVDF membranes more resistance to oil fouling. However, modified membranes are
unable to recover once the fouling event happens. In addition to these traditional PVDF
based membranes, inspired by biological nature, superhydrophilic membranes surfaces are
fabricated via a combination of biomimetic materials and unique surface patterns.*®3° The

superior surface properties make them promising materials for oil/water separations.
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1.4 NF Membranes for Water Treatment

1.4.1 NF overview

NF membranes are drawing great attentions due to its nanometer ranged pore size
allowing a higher water permeability and a more diverse separation of substances including
salt ions and small organic molecules.** These excellent properties lead to a wide
application of NF membranes for water softening (removing Mg?**, Ca?"), wastewater
treatment (NOM and disinfection by-product precursors removal), food processing
(concentration of valuable organic molecules such as sugars and proteins), and even for
separation of organic solvents.***} Several commercially available NF membranes were
previously characterized and reported with pore diameters of 0.8 to 2.0 nm,*“8 and
MWCO were reported from 150 to 2000 Da.** Such membrane variations result in a
dramatic difference in salt rejection performance: MgSOsy is still well rejected above 90%
by all membranes. However, the rejection toward NaCl is extremely different which differs
from 10% to 92%. These differences are particularly attractive for nanometer ranged
separation processes. For example, the use of loose NF membranes in the food processing
industry provides excellent rejection of pectin and easy passage of phenol and monovalent
salt ions.* Therefore, NF offers an effective separation process for producing liquid
products with a better quality.
1.4.2 NF separation mechanisms

The versatile separation performance of NF membranes is caused by a combination
of complicated transport mechanisms. The widely accepted transport phenomena that

govern the NF membrane rejection is size and charge based separation mechanisms,
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namely Donnan exclusion.’® The semipermeable NF membranes create steric hinderance
that prevent the passage of large molecules, and their intrinsic electrical charges along the
membrane surface and pore further pose electrostatic repulsions toward molecules with
similar size and same charges. To maintain the electron neutrality condition on two sides
of the membranes, smaller oppositely charged molecules are retained. Thus, polyamine-
based NF membranes, governed by Donnan exclusion mechanism, achieved an ideal
rejection of multivalent salts such as MgSO4 and Na;SOs. More recently, dielectric
exclusion was proposed to account for the charge polarization caused repulsions. When
hydrated ions diffuse through polymer films, ions induced same charges of the membrane
pore wall due to the dielectric difference between the water layer (hydration layer) and
polymer film (pore wall), thus an enhanced separation was achieved.’! These dominant
mechanisms are successful at explaining the salt rejections toward salt solutions. Luo et al.
summarized the pH effects on salt rejections: the abundance of carboxylic groups on the
polyamide (PA) NF membrane gives a nearly neutral charge of the membrane surface
around pH 6. The adjustment of pH to the lower end and the higher end increased
membrane surface charge and further resulted in a more significant Donnan exclusion
mechanism. Thus, membranes demonstrate V-shape rejection curves for symmetric
electrolytes (NaCl, KCIl) and S-shape rejection curves for asymmetric salts (NaxSOs,
MgCl>) under pH ranges from 3-10.°2°° However, Donnan exclusion is limited in
explaining the rejection difference between different monovalent ions. More recently,
hydration/dehydration phenomena were further investigated for this regard. Richard et al.

measured the rejections of fluoride, chloride, nitrate and nitrite ions through commercial
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NF membranes, and found that fluoride was best rejected, which is abnormal because
fluoride has both the smallest hydrated and dehydrated sizes. They further measured the
solute fluxes at different temperatures to quantify the energy barriers of fluoride, chloride,
nitrate and nitrite ions transporting through commercial NF membranes (Arrhenius
equation), and linked energy barriers to ion hydration/dehydration free energy.>* Epsztein
et al. further examined the ionic charge densities of anions including fluoride, chloride,
bromide, and nitrate. The observed rejections at a wide range of pHs suggested that these
ions with higher ionic charge densities (higher hydration strength) are more affected by the
Donnan exclusion mechanism.>® In addition to anions, Levi et al. investigated the cation
transport in carbon nanopores, and correlated the dehydration process, namely, the bulk
solution hydration number, to the ion transport through NF membranes using
electrochemical quartz crystal microbalance.’® Yang et al. simulated the cation transport
and reported a selectivity in the order of potassium, caesium, and sodium, and concluded
that ion hydration and pore hydration change (equilibrium free energy of partitioning) were
mainly responsible for the observed trend.>” Another mechanism, pore swelling, caused by
the accumulation of salt ions in the pores and high pH, was proposed to explain the reduced
salt rejection.”®>° At high salt ion concentrations and high pHs, the membrane pore surface
charge was increased, thus leading to a higher packing density of salt ions in the pores. The
higher concentration of counterions, in turn, create stronger electrostatic repulsion between
ions in the pores, which further cause pore swelling and subsequent rejection drop.>3-60-6!
Researchers reported the decrease of hydration layer at the membrane pore walls broadened

the pore size and caused reduced rejections.’>% Moreover, the membrane pore distribution
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is also thought to be crucial for such a decreased rejection, because the flux of solute
through small pores is limited at a higher extent than large pores at high pHs, and the
membrane rejection is more affected by the solute transport through large pores.>®

However, these mechanisms are still requiring further investigations.

1.4.3 Challenges

As an emerging and promising membrane unit process, NF still faces operational
challenges and some theoretical knowledge are missing.**% Membrane fouling is one of
the most important challenges that hinder the membrane’s performance and shorten its
lifespan. Unlike porous UF and MF membranes, commercial NF membranes have a thin
and dense active layer, which are more prone to fouling, in particular in the case of mineral
scaling and biofouling.®¢%7 1t is also more difficult to clean fouled membranes due to the
membrane structure prohibited the use of physical cleaning method. Therefore,
pretreatment processes are often required before the NF process. Furthermore, NF’s diverse
separation toward different ionic species sometimes are not favorable due to its insufficient
separations that are unable to meet the discharge requirements. More recently, researchers
summarized 7 knowledge gaps of mass transport in single-digit nanopores:** 1) the flux
enhancement through slip flow, which indicates the flux at the solution membrane interface
is nonzero (flux at the boundary layer is nonzero);*® 2) the temperature and pressure
distortion of the fluid confined in these pores (the property change of the fluid restricted in
nanopores);® 3) the impact on phase separation of the fluid from one-phase to multi-
component phases;’® 4) the large size defects resulted separation changes;’! 5) Solvation

or desolvation of solutes effect (such as hydration/dehydration phenomena);’? 6) the
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confinement impact on ion solvation and desolvation process;”® 7) the separation

performance for different monovalent ions.”* All these experimental and theoretical
challenges are awaiting more research efforts to overcome.
1.4.4 Recent advances in NF membranes

Most recently, plenty of researches were utilizing advanced nanomaterials to
fabricate  NF membranes. Incorporating engineered nanomaterials into thin film
nanocomposite (TFN) membranes were effective at modifying the active layer structure
and the surface chemistry, thus improving membrane performance including permeability,
selectivity, and antifouling properties. For example, Lee et al. immobilized silver
nanoparticles on PA films to prevent the biofouling, the membranes exhibited strong anti-
bacterial growth properties and didn’t loss membrane permeability and salt rejection.”
Rajaeian et al. fabricated TiO> based TFN membranes to alter the permeate flux and
rejection.’® By increasing the concentration of nanoparticles small amount (0.05wt%),
membranes were tuned to better reject salt ions without and the permeate remained high.
At higher concentrations, membranes were turned to be more porous and achieved a higher
flux and small loss of salt rejections. Moreover, carbon-based nanomaterials such as
graphene oxide (GO) and carbon nanotubes (CNT) are drawing attention due to their great
mechanical stability, antifouling properties, and specific molecular structure, which in turn
contribute to superior permeability and selectivity.””~” CNT intercalated GO membranes
were shown to be effective at separating salt ions under low ionic strengths.® In particular,
the excellent electrical conductivities of carbon materials made it possible for electrically

adjusting the membrane surface charges. Hu et al. synthesized electrically conductive
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reduced RO-CNT membranes and tested their desalination performance under 50 mM feed
concentration. The application of both & 1V cell potentials dramatically improved rejection
of NaCl (25% to 65%), Na2SO4 (30% to 65%), and CaCl, (55% to 70%), comparing to no
addition of electrical potentials. However, the membranes were limited to the low permeate
fluxes (0.2-0.3 Lmh'bar!, LMH/bar).3! Zhang et al. constructed conductive polyaniline-
polystyrenesulfonate CNT membranes, which achieved high permeate fluxes of ~15
LMH/bar when treating 5 mM NaCl and Na>SO4 solutions. Rejections were also enhanced
at negative 2.5V cell potentials (82% to 93% for Na>SOs; 54% to 82% for NaCl).
Therefore, all these findings suggested that incorporating engineered nanomaterials into
NF membranes could greatly enhance membrane’s overall performance.
1.5 Electroactive Membranes for Water Treatment®
(Adapted with permission from ref 82. Copyright 2019 American Chemical Society)
Electrically-driven physical and chemical phenomena, such as electrophoresis,
electrostatic repulsion, dielectrophoresis, and electricity-driven redox reactions, have long
been coupled to membrane-based separation processes, in a process known as
electrofiltration. However, it is only in recent years that appropriate membrane materials
(i.e., electrically conducting membranes (EMs)) have been developed that enable the
efficient use of these electro-driven processes. Specifically, the development of EM
materials (both polymeric and inorganic) have reduced the energy consumption of
electrofiltration by using the membrane as an electrode in an electrochemical circuit. In
essence, a membrane-electrode allows for the concentrated delivery of electrical energy

directly to the membrane/water interface where the actual separation process takes place.
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In the past, metal electrodes were placed on either side of the membrane, which resulted in
large potentials needed to drive electrochemical/electrokinetic phenomena. The use of a
membrane-electrode dramatically reduces the required potentials, which reduces energy
consumption and can also eliminate electrocorrosion and the formation of undesirable
byproducts.

In the following section, we review recent developments in the field of
electrofiltration, with a focus on two water treatment applications: desalination and water
reuse (wastewater or contaminated groundwater recycling). Specifically, we discuss how
EMs can be used to minimize multiple forms of fouling (biofouling, mineral scaling,
organic fouling); how electrochemical reactions at the membrane/water interface are used
to destroy toxic contaminants, clean a membrane surface, and transform the local pH
environment, which enhances the rejection of certain contaminants; how electric fields and
electrostatic forces can be used to re-orient molecules at the membrane/water interface; and
how electrical energy can be transformed into thermal energy to drive separation processes.
A special emphasis is placed on explicitly defining the additional energy consumption
associated with the electrochemical phenomena, as well as the additional cost associated

with fabricating EM materials.

1.5.1 EMs for desalination

An attractive solution to freshwater scarcity is the desalination of seawater and
brackish groundwater. In addition, there is a growing interest in the desalination of high-
salinity brines (>70 g/L) generated from various industrial activities (such as oil-and-gas

production); because of their high osmotic pressure, these brines require thermal
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desalination.®?#3 The state-of-the-art seawater desalination technology, based on thin-film
composite RO membranes, is a highly efficient process that operates very near the
thermodynamic limit.> However, RO membranes are still limited by fouling (inorganic
scaling, biofouling), are susceptible to chlorine attack, and have low rejection of small and
neutral molecules, such as boron.> %% To overcome these limitations, significant
pretreatment and/or multi-pass systems are needed, both of which increase process
complexity and cost.

Two classes of EM desalination membranes have been developed: pressure-driven,
dense membranes (NF and RO), and thermally-driven, porous and hydrophobic MD
materials.®”-8-87 These membranes are constructed by depositing a thin layer of carbon
nanotubes (CNTs) on a porous support, followed by cross-linking the CNTs with a range
of polymers.®”-# The choice of support and cross-linking polymer determine the porosity
and surface properties of the composite material.** Importantly, these membranes are made
of non-aligned CNTs, which form a percolating (and conducting) non-woven mat. It is
doubtful that a significant volume of water (liquid or vapor) passes through the inner core
of CNTs arranged in such mats. For pressure-driven membranes, CNTs are deposited on a
relatively hydrophilic support (such as polysulfone) and cross-linked with PA, together
forming a dense composite suitable for salt rejection. For thermal desalination, the CNTs
are deposited on a hydrophobic support (such as polytetrafluoroethylene (PTFE)), and
cross-linked with small amounts of either a hydrophilic (e.g., polyvinyl alcohol) or
hydrophobic (e.g., polydimethylsiloxane) material, creating a porous composite

material.*87 These composite membrane materials achieve high electrical conductivity, in
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the range of 1,000 - 2,000 S/m (metals >10° S/m, insulators <10® S/m); these conductivity
values are achieved using multi-walled CNTs (MWCNTs) of mixed chirality. While thin-
films of purely metallic single-walled CNTs achieve far higher conductivities, their
extreme cost prohibits their use in any water-related real-world applications.”® RO and NF
EMs created using this approach achieve similar salt rejection and flux to commercially-
available products.®>! However, the incorporation of CNTs in MD EMs leads to an

increase in water flux, although the mechanism responsible for this remains unclear.”

1.5.1.1 Electrochemical management of scaling using EMs

Mineral scaling is a phenomenon caused by crystal nucleation and growth on the
surface of desalinating membranes, which can reduce membrane permeability and
rejection.®®* Scaling is particularly problematic in brackish groundwater desalination due
to elevated Ca?", Mg?*, COs%*, SO4*, and silicate concentrations.”* Scaling occurs as the
concentrations of these ions increase at the membrane/water interface, eventually
exceeding the solubility of minerals such as CaCOs and CaS04.%>¢ To control scaling,
careful adjustment of temperature, pH and antiscalant addition are used.”>’

Applying 1.5 Vpc total cell potential (membrane as anode) to the surface of an RO
EM dramatically reduced CaSO4 fouling.®> The mechanism responsible for the reduced
scale formation was determined to be an electrokinetic reorganization of the electrical
double layer, which led to an imbalance in the ratio between anions and cations along the
membrane surface that reduced the nucleation rate. Furthermore, crystals that did form
were larger and formed a porous layer on the membrane surface, which was not as resistant

to the flow of water (Figure 1.3a, b). Because of the low potential (and poor catalytic
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properties of the EMs), current consumption was only 186 mA/m?, which translates into
an additional energy consumption of 0.014 kWh/m? when the membrane operates at 20
liters/m? hr (LMH). This value represents 1.86% of the energy typically associated with
groundwater RO desalination (0.75 kWh/m?).”8
A different approach to scaling management involves the electrochemical
modification of the local pH along the membrane surface. Water electrolysis along the
membrane surface can result in either proton or hydroxide ion production, when the
membrane is used as an anode or cathode, respectively (Equations 1 and 2).3>°2 An EM
RO membrane scaled by CaCOs; was effectively cleaned in-situ by applying 2.5 Vpc cell
potential to the membrane/counter electrode (membrane as anode), which decreased the
pH along the membrane surface and dissolved the deposits (Figure 1.3¢, d). An opposite
approach was used to manage silica scaling on MD EMs treating geothermal brines.”? Here,
the MD EMs were used as cathodes, which increased the local pH and led to the
depolymerization of silicate deposits that completely recovered performance (Figure 1.3e,
f). Because these cleaning steps are only applied when performance declines to an
unacceptable level, energy consumption is minimal (0.002 kWh/m? and 0.294 kWh/m? for
the RO and MD membranes, respectively).
H,00) + ¢ = 2 Hy(g) + OH™(aq.) ™

2H,0(1) - 0,(g) + 4H*(aq.) + 4e~ (8)
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Figure 1.3: Electrochemical mineral scaling prevention and cleaning on EM for desalination.
(a, b) CaS04, (c, d) CaCO3 on RO, (e, f) silicate on MD. Reproduced with permissions from (a-d)
ref 86. Copyright 2014 Royal Society of the Chemistry. (e-f) ref 93. Copyright 2017 American
Chemical Society.

1.5.1.2 Biofilm management on EMs
The formation of a sticky biofilm composed of micro-organisms and extra-
polymeric substances on the membrane surface contributes to mass transfer resistance,

99-101° A1l membrane processes, including porous

which reduces membrane performance.
UF/MF membranes and dense NF/RO membranes suffer from biofouling. In general,
biofouling control involves pretreatment combined with physical and chemical
cleaning.”*1%2 A highly effective method to prevent biofouling involves the application of
low potentials to the membrane surface.®”-193-195 Both anodic and cathodic potentials have
been demonstrated to be effective, with potentials as low as 1 Vpc cell potential shown to
prevent attachment to the surface of EMs (Figure 1.4).67:194195 Under cathodic conditions,
it is hypothesized that electrochemical reduction of O> to H2O2 (490 mV vs. Ag/AgCl)

creates unfavorable conditions for bacteria, which prevents them from attaching to the

charged surface.!® Anodic conditions are hypothesized to prevent biofouling through
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direct oxidation of bacterial membrane proteins.!%>1% At potentials below thresholds for
hydrogen evolution or above oxygen evolution, microbubble generation and locally
extreme pH have been implicated in contributing to the observed anti-biofouling.®”-1%° The
bursting of microbubbles generate shock waves that lead to bacteria and biofilm
detachment.!?” Since only low potentials are needed to induce the anti-biofouling effect,
energy consumption is modest, with values as low as 4.31 x 10* kWh/m? reportedly

effective (at a flux of 22 LMH).%’

Figure 1.4: Fluorescent microscope images of bacterial deposition (top row) and detachment
(bottom row) on an EM surface under different applied potentials; (a, d) 0 V, (b, e) 1.5
Vanodic, (c, f) 1.5 Vcathodic. Far fewer bacteria remain attached when potentials are applied to
EM surface. Adapted with permission from ref 105. Copyright 2015 American Chemical Society.

1.5.1.3 Direct heating of MD EMs

MD is a thermally-driven membrane desalination technology suited for the small-
scale treatment of high salinity brines or when low-cost, low-grade heat is available.!” One
of the main drawbacks of standard MD is the need for elaborate heat management schemes

(using heat exchangers), necessary to maintain the thermal driving force and thermal

24



efficiency.!®® It has been demonstrated that supplying thermal energy (MD’s driving force)
by directly heating the membrane surface (optically, electrochemically) can dramatically
increase the performance of MD.!%%!1 An alternative heat management approach involves
the use of Joule heating EM MD materials. Dudchenko et al.¥” reported on such an EM
MD material composed of a 15 pm-thick CNT-polyvinyl alcohol (PVA) film on a
hydrophobic PTFE support; using this material eliminates the need for all but a condenser,
which dramatically reduced the capital costs of the system. A major obstacle to using EM
to heat water was electrooxidation of the CNTs, which was overcome by applying an
alternating current at sufficiently high frequencies (Figure 1.5).8” This rapid potential
switching minimized electrooxidation reactions, which prevented the oxidation of the
CNTs. In theory, nearly 100% of water can be recovered using this method, with the only
limiting factor being the membrane length and fouling. The heating of a membrane’s
surface has other potentially useful applications, including the prevention of biofilm
formation, as well as changing diffusion rates of molecules through conducting dense

films.
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Figure 1.5: Electron pathways in direct heating EM MD materials. (a) In non-ionizable media,
electrons can only travel through the conducting materials; (b) in ionizable media, electrons can
participate in redox reactions (e.g., electrooxidation), which destroy the CNTs, unless a sufficiently
high AC frequency is used. Adapted with permission from ref 88. Copyright 2017 Springer Nature.
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1.5.2 Low-pressure EMs for water reuse

An alternative solution to provide accessible clean water is through water reuse.
Porous UF and MF membranes do not typically reject ions, but are effective at removing
large contaminants such as organic matter, bacteria, and emulsions; these membranes are
often used as pre-treatment before the desalination step.*® These low pressure membranes
operate at higher fluxes and are less energy intensive compared to dense RO and NF
membranes.'!! However, severe fouling from organic, colloidal, biological, and oil fouling
are often encountered, which result in membrane pore blocking and cake layer build-up.
Therefore, these processes are frequently disrupted by periodic physical and chemical
cleaning.!!?

Porous EMs have been successfully made using both inorganic (metals and metal
oxides) and organic polymeric materials. Ceramic EMs are fabricated through high

)13 In

temperature reduction of metal oxides to their Magnéli phase (e.g., TiOz, to Ti4O7
some cases, these membranes are doped with transition metal catalysts to improve
electrochemical degradation processes.!!* Several approaches have been used to fabricate
low-pressure polymeric EM materials, including applying thin-film coatings of CNTs,
using conducting polymers (e.g., polypyrrole, polyaniline), embedding carbon fabric into
polymers, and using graphene.®!''>-17 The conductivity of these materials varies, with
values ranging between 1,000 — 9,000 S/m, 700-6,000 S/m, and >10° S/m for CNT,
ceramic, and metallic EMs, respectively. The surface and transport properties of CNT-

based membranes is highly dependent on the polymers used to cross-link the CNTs, with

hydrophilic polymers (e.g., PVA) transforming the normally hydrophobic CNT layer into
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a hydrophilic one. Furthermore, the amount of cross-linking polymer can change the pore
sizes through the CNT layer, with higher polymer loadings reducing the pore size from MF
to UF.38 In contrast, ceramic and metallic membranes are typically fabricated from sintered
nanoparticles, with pore sizes available in both the MF and UF range.!!?
1.5.2.1 Organic contaminant and biofouling management using low-pressure EMs
Due to the high concentrations of organic contaminants in wastewater, UF and MF
membranes used during the water reuse process are subjected to severe fouling.? NOMs is
one of the major contaminats that can lead to cake layer formation and pore blocking.!!®
The application of an electrical potential to EMs leads to capacitive charging of the
membrane’s surface, which promotes hydrophilicity and forms a powerful electrostatic
repulsive force that prevents the deposition of like-charged foulants (Figure 1.7a).!15:116
Modeling the repulsive electrostatic forces using the modified Poisson-Boltzmann
equation showed that higher applied potentials allowed organic foulants to “levitate” over
the membrane surface. However, this electrostatic repulsive force is sensitive to the
solution ionic strength, losing effectiveness in higher salinity environments.!!
Furthermore, EMs coupled with electrochemical impedance spectroscopy have been
shown to be effective in investigating membrane fouling.!!%!2° The anti-fouling properties
of EM are of particular interest in the high-fouling environment of a membrane bioreactor
(MBR). Numerous studies have demonstrated that the application of cathodic potentials to
an EM results in significantly less fouling in MBRs (Figure 1.6).°!:!21122 The mechanisms
responsible for the observed anti-fouling are electrostatic repulsion, pH modification

(electrochemically-generated high pH can degrade deposited organic molecules), and
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electrochemical generation of oxidative species (H,O0, and Cly).!?! The observed anti-
fouling has two important implications to MBR processes: 1) less hydraulic and chemical
cleaning is needed to maintain membrane performance, which reduces the volumes of
waste and chemical storage requirements; and, 2) anaerobic MBRs, which are highly
susceptible to fouling because air-scouring of the membranes is not possible, become a
viable treatment process. Excellent anti-fouling performance in an anaerobic MBR
application was achieved with a power density of 10 W/m?, which translated to an

additional energy demand of 0.4 kWh/m?, when the system was operated at 26 LMH."!
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Figure 1.6: SEM images of hollow fiber EMs after electrochemical cleaning in MBR process
(a) and (b). System performance of EM and traditional membranes in MBR process (c). Adapted
with permission from ref 123. Copyright 2018 Elsevier.

1.5.2.2 Electrochemical reaction-assisted separation

When water (and contaminants) are forced through the pores of EMs (i.e., the
membrane acts as a flow-through electrode), the diffusion pathway between said
contaminants and the electroactive surface shrinks (to the pore radius).!'* This increases
mass transfer rates and enhances electrochemical reactions, such as direct

electrooxidation/reduction and indirect electrooxidation (e.g., by OHe) (Figure 1.7b).!?
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Using this method, EMs have been demonstrated to transform a wide range of
contaminants, such as trace metals, antibiotics, and pesticides.!**!?> Thus, low pressure
EMs can target contaminants that traditionally demand high-pressure membranes for
effective removal. However, a careful examination of electrochemical degradation of
containments using EMs is needed, as an insufficient treatment can lead to more toxic
byproducts. For example, the electrochemical formation of chlorine from NaCl in the
source water can lead to toxic disinfection byproducts from reactions with NOMs.

Vecitis et al.'® used a CNT EM with an average pore size of 115.2 + 46.7 nm and
a thickness of 41.1 £ 7.6 um to remove two common dyes, methylene blue, and methylene
orange. The degradation of these dyes was achieved through a combination of adsorption
and electrochemical oxidation rather than size exclusion. An anodic potential of 3 V (cell
potential) transformed 90% of the dyes with a 2 s membrane retention time. Similar
membranes, made by B- and N-doped CNTs, were used to degrade phenol, which is poorly
rejected by standard RO membranes. Here, 8 mg C/L removal was achieved with a 1 s
retention time when a 3 Vanodic cell potential was applied.!®® Zaky et al.'** reported on a
Ti407 ceramic membrane that generates hydroxyl radicals at potentials >2.0 V (versus the
standard hydrogen electrode), which were responsible for the degradation of p-
methoxyphenol. A further study demonstrates that adding Pd-Cu and Pd-In catalysts into
this membrane ensures relatively high NO3— removal through electrochemical reduction. !
Hexavalent chromium (Cr(VI)) contamination in drinking water was electrochemically
reduced to the non-soluble (and non-toxic) trivalent form on CNT-based UF EMs.!'?* An

exceptionally high ammonia recovery rate from wastewater was achieved using a nickel-
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coated CNT gas-stripping membrane, achieved by increasing the pH along the membrane
surface, which transformed ammonium to volatile ammonia that was removed through the
membrane.'?® A significant advantage of these processes is that they transform pollutants,
rather than just separating them as in standard membrane systems, which eliminates
complicated waste disposal. The energy consumption of these processes is higher than
previously summarized EM processes, because removal requires a higher potential to affect
electrochemical transformation. The additional energy needed to remove 1 ppm of Cr(VI)
(>99%) from tap water was determined to be 1.48 kWh/m?, which is less costly than
alternatives (e.g., ion exchange and reduction/coagulation processes) and does not generate

a hazardous waste.!?*
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Figure 1.7: EMs for organic fouling inhibition through electrostatic repulsion (a), and
electrochemical transformation of micropollutants (b).

30



1.5.3 Economic Analysis of EM Processes

The fabrication of CNT-based EMs involves the additional cost of adding a CNT
layer on top of a porous support. Approximately 0.66 g of functionalized multi-walled
CNTs are needed to form a 1 pm thick CNT layer on a 1 m? area, which translated into an
additional material cost of $1.83/m?. This accounts for 7% of the cost of a commercial UF
membrane. The deposition of CNTs over large areas can be achieved using standard
manufacturing techniques such as spray coating, which are not anticipated to dramatically
increase the cost of fabrication. A standard RO membrane module (8040) contains
approximately 36 m? of membrane, which would require approximately 23.8 g of CNTs;
CNTs are readily available for purchase at the kg level, and thus, the availability of CNTs
is unlikely to be an impediment to the manufacturing of EMs.

Beyond the costs of the raw materials, EM processes consume additional electrical
energy. The prevention of mineral scale and biofouling on EM membranes consumes an
additional 0.002-0.014 and 4.31 x 10* kWh/m?, which represents 0.27-1.87% and 0.06%
increase over the energy demands of standard groundwater RO processes.”® If the EM
process is expected to operate at high potentials (e.g., to modify local pH), corrosion-
resistant counter electrodes will likely be necessary. These materials are significantly more
expensive (e.g., platinum-coated titanium), so there is a strong incentive to minimize the
area of these electrodes, although the impact of dimensional differences between the
membrane and counter electrodes has not been explored.

Ultimately, EMs enable higher water recovery and reduced pretreatment and

chemical use to prevent fouling. For small capacity RO plants in Egypt, pretreatment units

31



and chemicals contribute between $0.59-1.16/m’ to the cost of RO-treated seawater,

accounting for approximately 52% of the total cost.!?’

The energy consumption of the
pretreatment step ranges between 0.2-0.4 kWh/m? (8-12% of total energy demand of
seawater RO process).!?® EMs for electrochemical degradation of pollutants have also been
demonstrated to be a low energy consumption process.'!'*122 Therefore, EMs offer
outstanding potential in terms of minimizing membrane pretreatment costs, particularly in
smaller installations.
1.6 Research Objectives

The overall research objective of the dissertation was to explore the application of
CNT based electroactive membranes for enhanced water treatment processes. In particular,
utilizing these membranes to improve the membrane’s oil fouling resistance and to control
membrane’s rejection toward salt ions in response to different electrical potentials.

Chapter 2 reported UF and NF membrane oil fouling by different emulsion droplets
were investigated. Oil droplets were stabilized by surfactants with different charges
including anionic, cationic, and nonionic surfactant. Membrane surface fouling was
investigated at constant flux mode. The intrinsic properties of emulsion droplets and
membrane surfaces such as interfacial tension, droplet size, contact angle, zeta potential
and corresponding pressure change in the filtration process were characterized and
analyzed, which were linked into a theoretical calculation of membrane surface wetting

event. Our results revealed that membrane surface oil fouling is highly dependent on

emulsion’s surface charges.
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Chapter 3 explored membrane oil fouling reduction using CNT-based electroactive
membranes at an extreme high ionic strength. A dramatic change in the shape of oil droplets
at the membrane/water interface was observed when electric potentials were applied. We
proposed that this change was due to the re-distribution of surfactant molecules at the
membrane/water interface, which in turn reduced interfacial tension of oil droplets. Thus,
the oil coalescence event and subsequent fouling were significantly reduced.

Chapter 4 presented the fabrication of electroactive NF membranes. Electrically
conductive NF membranes were fabricated by polymerizing the PA film on top of
MWCNT, and single/double walled CNT (S/DWCNT) films, where were named as
MWCNT-PA and S/DWCNT-PA membranes. These membrane’s rejections were easily
tuned by applying different electrical potentials when treating different solution solutions
including single salt NaCl, MgCl,, Na,SO., and MgSO,, as well as NaCl and MgSO, mixed
solution. The application of cathodic potentials were shown effective to enhance
membrane’s rejection toward NaCl and to reduce rejection for MgCl, for MWCNT-PA
membranes, while no significant change of Na,SO., and MgSO, rejections were observed.
In contrast to MWCNT-PA membranes, cathodic potentials decreased S/DWCNT
membrane’s rejection toward NaCl and MgCl, solutions, and enhanced the rejection for
Na,SO,4 and MgSO, solutions.

Chapter 5 concluded the main results of the dissertation and discussed the
application of electroactive membranes for oil fouling mitigation and selective separation

of salt solutions. We further discussed the limitation that hindered the application of

33



electroactive membranes and provided some future research needs to address these

challenges.
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Chapter 2. Surfactant-Stabilized Oil Separation from Water using

Ultrafiltration and Nanofiltration

Adapted with permission from Ref. 16 Copyright Elsevier 2017
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Abstract:

The treatment of oily wastewater containing well-stabilized oil emulsions remains a
challenge. As gravity-based separation methods cannot effectively remove emulsified oil
droplets with sizes below 10 pm, water polishing steps need to be applied to reduce the
organic load of the treated effluent. Membrane-based separation processes ensure high
permeate quality, but are prone to fouling when treating oily wastes. Surfactants play an
important role in producing well-stabilized oil emulsions, but there has been limited work
on the effect of surfactants on membrane fouling. To fundamentally understand the
surfactant effect on fouling, we studied the fouling of model oil (hexadecane) emulsions
stabilized by anionic, cationic and nonionic surfactants in a crossflow filtration system
using either ultrafiltration (UF) or nanofiltration (NF) membranes. For this, we investigated
the impact of membrane surface and emulsion properties on the different fouling
mechanisms observed in our experiments. UF filtration experiments revealed that
emulsions stabilized with cationic surfactant quickly fouled negatively charged UF
membranes due to electrostatic attraction, while anionic and non-ionic surfactants
stabilized emulsions experienced less fouling. In NF filtration tests, membranes exhibited
exponential fouling when filtrating all types of surfactant stabilized emulsions. Permeate
quality confirms that the NF process achieves better permeate quality than the UF process
because of its ability to reject surfactants. However, cationic surfactants are able to pass
through NF membranes because of their positive charge. When salt is added to the water,
electrostatic forces collapse, and the differences between the surfactants are quenched. Our

experimental results combined with theoretical calculations reveal that initial membrane
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fouling by emulsified oil drops is dominated by a cake layer formation. However, once a
critical pressure drop across the cake layer is achieved, membrane wetting occurs, which

results in irreversible membrane fouling in both UF and NF.

KEYWORDS: Oil-water separation, surfactant, ultrafiltration, nanofiltration, membrane

surface wetting.
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2.1 Introduction

Oily wastewater is produced during oil refining and oil and gas extraction processes
[1,2], food processing steps 3%, metal working and finishing activities '3!, and machinery
cleaning activities 132, This wastewater is a cause of environmental concern due to the large
volumes generated and the challenging treatment steps needed to remove the oily
contaminants 3134135 Therefore, numerous methods have been developed to treat oily
wastewater, including coagulation and dissolved air flotation 3%, oxidation !*6, bioslurries

139,140 " and membrane

138 hydrophobic materials with high oil absorbing capacities
separation '3 13L140-14 “Three forms of oil are known to exist in oily wastewater: free
floating oil, unstable emulsified oil droplets, and well stabilized oil emulsions '3*1%°, Free
oil is easily separated by gravity, while unstable emulsions require relatively gentle
physical or chemical treatment to reduce their stability, which leads to coalescence that
allows for gravity separation methods to be effective. However, separating well-stabilized
emulsified oil droplets from solution is extremely difficult due to their small size (< 10 pm)
and high stability **. Emulsified oil droplets are commonly found in metal working and
metal finishing industries that produce large amounts of emulsions composed of water
soluble coolants, surfactants and lubricant oil from mechanical operations 46, bilge water
that mainly consisting of lubricant oil and detergents from a ship’s engine room '¥7, and in

t 148

oil spill clean-up wastewater where dispersants, such as corexit '*°, are frequently applied.

Membrane separation is one of the best options when treating well-suspended

emulsified oil droplets because of its high quality permeate and simple operation 3414,

38



Microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO)
have been studied for oil/water separation ! 130 143150 MF and UF are able to remove
micron and nano-sized particulates like emulsified oil/grease 17153, NF membranes, which
have higher rejection due to their dense nature can minimize the passage of large organic
molecules (such as surfactants), as well as multivalent ions. RO has the capability of
removing monovalent ions such as Na" and CI. Hence, NF and RO produce a higher

quality effluent, and have been used to treat saline oily wastes such as produced water '4!:

144,155-157

During the treatment of oily wastewater, emulsified oil droplets accumulate on the
membrane surface, which can lead to cake layer formation, pore blocking, oil coalescence,
and membrane wetting; these processes all lead to membrane fouling and flux decline !>
30,157,158 " Traditional membrane filtration models such as the film model, the blocking
model, and the cake filtration model have been extensively applied to describe emulsion
fouling '3%-1%6, For example, Matsumoto et al., (1999) described nonionic surfactant-
stabilized mineral oil emulsions filtrated by a ceramic microfiltration membrane in a dead
end process using a cake resistance model. The model demonstrated that the cake layer was
highly compressible and had a much higher specific resistance compared to polymethyl

methacrylate solid particles '3

. To investigate if oil droplets penetrate into membrane pores
under hydraulic pressure, Nazzal (1996) et al., calculated the critical pressure needed for
spherical droplets entering membrane pores %2167, More recently, Lu et al., (2015) used a
combination of blocking and cake filtration models to analyze different surfactant-

stabilized crude oil and diesel emulsion fouling of a dead-end ceramic UF membrane, and
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correlated the impact of the emulsions’ electrostatic charge on membrane fouling °. To
visualize the oil coalescence event, Tummons et al., (2016) used track-etch microfiltration
membranes in a crossflow filtration system, and direct visualization and force analysis on
oil droplets were used to study surfactant emulsified hexadecane emulsion fouling. The
results demonstrated that membrane fouling is increased by oil droplet coalescence and

reduced by crossflow induced shearing '°.

In this paper, we study the fouling of anionic, cationic and nonionic surfactant-
stabilized emulsions filtrated by UF and NF polymeric membranes in a crossflow filtration
system. Emulsions are characterized in terms of size, zeta potential, interfacial tension, and
their contact angle with the UF and NF materials. In the filtration experiments, we evaluate
the fouling events by using flux step experiments to observe and evaluate membrane
fouling inside the system. We explore physical cleaning methods (backflushing and cross-
flushing) in an attempt to recover membrane performance, and use these results to help
explain our fouling experiments. In addition, the permeate quality is analyzed as a function
of the membrane process and surfactant properties, and a theoretical framework is proposed
to help explain our experimental findings.

2.2 Materials and Methods

2.2.1 Chemicals

Non-charged surfactant (Triton X-100) (laboratory grade, TX-100) and negatively
charged surfactant (sodium dodecylbenzenesulfonate (technical grade, DDBS)) were

purchased from Sigma Aldrich and used as received. Sodium chloride (99+%, NaCl),
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isopropanol (99.9%+), and a positively charged surfactant (cetyltrimethylammonium
bromide (99+%, CTAB)) and hexadecane (99.8%) were purchased from Fisher Scientific
and used as received. All surfactants molecular weights, critical micelle concentrations,

and molecular structures are reported in Table S1.

2.2.2 Emulsion preparation

The three types of surfactants were used to create feed solutions for the membrane
filtration experiments. Feed solutions were prepared by mixing hexadecane (1000 ppm)
with a surfactant (100 ppm) in deionized (DI) water using an IKA T-50 homogenizer (Cole-
Parmer, IL) at 4000 rpm for 2 minutes. Emulsions were continuously stirred during the
filtration process to maintain a homogeneous mixture. In certain experiments, 10 mM NaCl

was added to the emulsion solution.

2.2.3 Emulsion characterization

Zeta potentials of the emulsion droplets were characterized by using a ZetaPALS zeta
potential meter (Brookhaven Instruments Corporation, NY); prior to their measurement,
emulsions were diluted to 5 ppm. Emulsion size distributions were determined by using
optical microscopy and image analysis software (ImagelJ), as well as using dynamic light

scattering (DLS) (Brookhaven Instruments Corporation, NY).

2.2.4 Contact angle and interfacial tension measurement

The contact angle of hexadecane droplets and emulsified hexadecane droplets in
contact with UF and NF membranes, as well as the interfacial tension of hexadecane in

different solutions was measured using a contact angle goniometer (rame-hart, model 250,
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NJ). UF membranes were pre-wetted by isopropanol to remove trapped air within the
membrane pores followed by an extended rinse with DI water. Interfacial tension was
determined by using the pendant drop method !%®. All measurements were done in

triplicate.

2.2.5 Membranes and filtration process

Two commercially available membranes: PS-35 Polysulfone UF membranes
(Nanostone Water, CA), and NF-8 polyamide NF membranes (,Nanostone Water, CA)
were used to treat the oily water and study the fouling mechanisms. Pore sizes of the
pristine membranes was characterized by scanning electron microscopy (SEM), with the

average pore size of the membranes calculated based on measuring 50 pores '-179,

The filtration system and control hardware and software are described in Figure 2.1
and elsewhere 5171172 The flat sheet membrane module has an open channel with the
dimensions of 100 mm x 40 mm x 3.80 mm. The membrane system was operated in
constant flux mode, with a proportional-integral-derivative control valve used to adjust the
hydraulic pressure to maintain the constant flux of the system. The feed tank for the system
was constantly stirred, and the liquid level was kept constant with a liquid level control to
maintain constant concentration. A buffer tank stores the excess amount of the permeate
which is then used to back flush the UF membrane, as well as to restore the feed solution
(Figure 2.1). During the filtration process, feed flowrate was maintained at 1 1/min
(crossflow velocity of 11 cm/s) using a diaphragm pump (Hydra-Cell, MN). Prior to the

filtration tests, membranes were compressed at 100 psi with deionized (DI) water to
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stabilize the membrane permeate flux; the pristine and compressed UF flux ranged between

280-320 l m? hr'! (LMH), and the NF flux ranged between 100-110 LMH.

Membranes were operated in the flux step mode 71173, In this mode, the UF membrane
was operated at a constant flux for 6 hours, with the flux increasing from 25 — 100 LMH
in 25 LMH increments (6 hours in each flux). Between each flux step, the membrane was
back-flushed for 5 minutes with the membrane permeate followed with 5 minutes of cross-
flushing with the feed solution (at no pressure). For the NF experiments, the fluxes were
set to 20, 30 or 40 LMH, and membranes were only cleaned by cross-flushing for 5 minutes
between each flux step. To further study whether the flushing process could recover oil-
fouled membranes, UF constant flux mode was used to test DDBS and TX-100 stabilized
emulsions running at 75 and 100 LMH, and CTAB stabilized emulsions were treated at 25
and 50 LMH separately. For the NF tests, constant fluxes with DDBS stabilized emulsions
were filtrated at 30 and 40 LMH, while CTAB and TX-100 stabilized emulsions were
tested at 20 LMH. In both UF and NF constant flux modes, fouling was allowed to progress
for 2 hours followed by a five minutes hydraulic cleaning step (backflushing or cross-
flushing), with this sequence repeated five times. All membrane filtration processes were
ended when the required pressure to maintain the constant flux reached 100 psi. All
filtration experiments were conducted in triplicate. Membrane rejection was determined by

analyzing the permeate using total organic carbon (TOC) analysis (O.I. Analytical, TX).
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Figure 2.1: Membrane filtration diagram. Blue solid lines represent fluid flow,
and black dashed lines represent data and power connections.
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2.3 Results and Discussion

2.3.1 Zeta potential and emulsion sizes
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Figure 2.2: Zeta potentials and average droplet size of emulsified oil
drops stabilized with different surfactants in DI water and in the
presence of 10 mM NaCl. Droplet sizes determined through optical
microscopy image analysis.

Properties (diameter, and zeta potential) of the different surfactant-stabilized oil drops
can be seen in Figure 2.2. The zeta potentials of prepared emulsions are highly dependent
on the charge and polarity of the surfactant. DDBS and CTAB stabilized emulsions have a
zeta potential of -75.5 + 11.0 mV and 64.7 = 2.4 mV, respectively, due to their charged
hydrophilic heads (Figure 2). The zeta potential of TX-100 was found to be -29.9 + 1.4
mV. The negative zeta potential for TX-100 stabilized surfactant is the result of hydroxide
ions (from the surrounding water) that are associated with the hydrophilic head of the

surfactant molecule 3%!74175, DDBS, CTAB, and TX-100 stabilized emulsions were found
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to have an average diameter of 8.4 £4.3 pum, 8.5 + 3.7 um, and 5.0 = 2.5 pm, respectively.
With the addition of 10 mM NaCl, the size of the DDBS and CTAB stabilized emulsions
did not change dramatically, with average sizes of 7.9 = 3.4 uym and 7.6 = 3.7 um,
respectively. Because the nominally neutral TX-100 emulsions exhibited a negative zeta
potential in water (much like the DDBS stabilized emulsions), investigating the impact of
NaCl on emulsion properties and membrane fouling was restricted to DDBS and CTAB
stabilized emulsions. Membrane pores is characterized by SEM and reported in Figure S1.
UF membranes have an average pore size of 19.7 + 5.6 nm, while NF membranes have the

MWCO from 200 — 300 Da (reported from the manufacture, seen as nonporous in SEM).

2.3.2 Contact angle and interfacial tension measurements

The contact angle of the emulsified oil drops with the two membrane materials and the
interfacial tension of different types of emulsions in water can be found in Figure 3
(interfacial tension and contact angle images can be seen in the Supporting Information
(Figure S2)). The contact angle of pure hexadecane in DI water with the UF membrane
material (polysulfone) was found to be 102 + 2 °. The addition of surfactants increases the
contact angle to 115+ 2 °, 133 £2 °, and 121 + 3 ° for the DDBS, CTAB, and TX-100
stabilized oil, respectively (Figure 3). This increase is due to the adsorption of surfactants
on the membrane surface and at the oil/water interface, which adds electrostatic and steric
forces between the droplets and the surface, which reduces their interaction !’6. For NF
membranes, the contact angle between the oil and the membrane surface is 154 2 ©, 151

+3° 146 £ 2 ° and 156 + 3 °, for the bare, DDBS, CTAB, and TX-100 stabilized oil,
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respectively (Figure 3). Upon the addition of NaCl to the emulsion, the contact angle of
the DDBS and CTAB stabilized oil with the UF membrane was determined to be 126 +
4 °and 131 + 2 °, respectively (Figure 3), indicating that electrostatic forces do not
significantly affect the wetting properties of emulsions. The addition of 10 mM of NaCl to
the DDBS and CTAB emulsions changed the contact angle with the NF membrane to 154

+ 4 °and 157 =4 °, respectively.

Interfacial tension measurements determined that DDBS, CTAB and TX-100 stabilized
emulsions in DI water have surface tensions 0of27.6 £0.3,11.2+0.3, and 10.5 £ 0.2 mN/m,
respectively (Figure 3). In the presence of NaCl, the interfacial tensions of DDBS and
CTAB stabilized emulsions decreased to 10.7 + 0.6 and 5.2 £ 0.2 mN/m. This drop is due
to the compression of the electrical double layer (EDL), which leads to decreased

electrostatic repulsion between the charged heads of the surfactant molecules 7.
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Figure 2.3: Interfacial tension and contact angles with membrane surfaces of
hexadecane in water in the presence and absence of surfactants
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2.3.3 UF filtration results

2.3.4 UF flux step fouling tests
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Figure 2.4: UF membrane fouling during the filtration of different surfactant-stabilized oil
emulsions. Solid purple lines represent the fluxes set to 25, 50, 75 and 100 LMH in a-c;
backflushing events are denoted by the breaks in the pressure data-lines in d-f. a) UF flux step tests
for DDBS stabilized hexadecane in DI water and 10 mM NacCl solution. b) UF flux step results of
TX-100 stabilized oil in DI water. ¢) UF flux step test for CTAB stabilized hexadecane in DI water,
and 10 mM NaCl solution. d) UF hydraulic cleaning tests in the presence of DDBS in DI water
DDBS with 10 mM NacCl filtered at different fluxes. e) Hydraulic cleaning of TX-100 stabilized
emulsions in DI water. f) UF hydraulic cleaning tests of CTAB stabilized oil in DI water and 10
mM NaCl under different fluxes.
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The results of the flux step UF experiments using the DDBS, CTAB and TX-100 stabilized
emulsions are illustrated in Figure 4. As the flux was maintained constant in each step, an
increase in pressure corresponds to membrane fouling !73. In the absence of the background
electrolyte, membrane fouling was negligible when filtering DDBS and TX-100 stabilized
emulsions, in comparison to the CTAB stabilized emulsions, where significant fouling
occurred (Figure 4a-c). When the TX-100 stabilized emulsions were treated at 100 LMH,
some fouling was observed, with a linear increase in pressure from 17 to 24 psi over time
(Figure 4b). When CTAB stabilized emulsions were treated by the UF membrane, fouling
quickly occurred at 25 LMH, as evident by the rapid increase in pressure (from 10 to 23
psi, Figure 2.4c). As the flux was increased in the following steps, the membrane continued
to foul, although at a slightly slower rate. We speculate that the fouling observed at 25
LMH is unrelated to the low flux, but rather to the surfactant properties (cationic
surfactant). The UF membrane tested in this experiment is made of polysulfone and is
negatively charged under the experimental conditions 7%, Therefore, the positively charged
CTAB emulsions are electrostatically adsorbed to the surface and inside the pores of the
membrane, which leads to the observed fouling behavior. To explore the impact of
electrostatic interactions between surfactant-stabilized oil and the membrane surface, 10
mM of NaCl were added to the DDBS and CTAB emulsions. The addition of electrolytes
to the solution is expected to compress the EDL and reduce the impact of electrostatic
interactions between the membrane surface and the surfactant-stabilized oil, as well as
between neighboring surfactant-stabilized oil drops '7°. As TX-100 stabilized emulsions

only have a small negative charge in DI water (Figure 2.2), we did not test the impact of
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additional electrolyte on their filtration behavior, as we expect it to be similar to the DDBS
stabilized emulsions. Flux step filtration data of DDBS and CTAB stabilized emulsions in
10 mM NaCl are described in Figure 2.4a and 4c. The addition of NaCl to the DDBS
stabilized oil emulsions did not have a dramatic impact on membrane fouling at low fluxes
(25 and 50 LMH) (Figure 2.4a). However, at higher fluxes (75 and 100 LMH) the
membrane rapidly fouled (Figure 2.4a). This is likely due to the elimination of electrostatic
repulsive forces between neighboring drops accumulated in the cake layer, which were
forced closer due to the stronger drag forces generated at elevated fluxes, leading to oil
fouling '8, When NaCl was added to the CTAB suspension, the initial rapid fouling
observed at low flux in the absence of NaCl disappeared (Figure 2.4¢). This indicates that
electrostatic attraction between the positively charged CTAB stabilized oil and the
negatively charged membrane surface was responsible for the initial rapid fouling observed
at 25 LMH when no NaCl was present; once added, the electrolyte compressed the EDL,
which eliminated electrostatic attraction, reducing membrane fouling. At higher fluxes (75
LMH), rapid fouling was observed (similar to the DDBS case), and could be attributed to
membrane surface wetting. At the highest flux (100 LMH), the pressure declined (Figure
2.4c). However, under these conditions we observed a sharp increase in TOC
concentrations in the permeate, indicating that oil drops deformed and penetrated the
membrane (see Sections 3.5 and 3.6 for detailed discussion).

DDBS and CTAB solutions were filtered by UF membranes and their fouling behaviors
were reported in Figure 2.S5 (a,b). Pure DDBS solution fouled the membrane at 75 and

100 LMH which may be contributed by the excess amount of surfactant when comparing
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to its stabilized emulsions (Figure 2.4a, green circles). For CTAB solution, it caused much
less fouling than CTAB stabilized emulsions (Figure 2.4b). In 10 mM NacCl solution, ionic
strength started to minimize the charge on the hydrophilic head, thus transforming the
surfactants into oil-like molecules (hydrocarbons). DDBS solution experienced less fouling
on the UF membrane than its stabilized oil; When filtering the CTAB solution, the
membrane was completely fouled at 50 LMH. However, if large amount oil was added, it
gives active sites for surfactant adsorption, and fouling could be dominated by the
surfactant stabilized emulsions, which can be proved by two similar fouling trends (Figure
2.4a red squares and Figure 2.4c red squares). Therefore, we conclude that membrane

fouling happened in UF processes are dominated by surfactant stabilized emulsions.

2.3.5 UF hydraulic cleaning

To investigate the effectiveness of hydraulic cleaning (back and cross-flushing) in
recovering fouled UF membranes, constant flux fouling experiments were performed
(Figure 2.4d-f). 75 and 100 LMH were tested for DDBS and TX-100 stabilized emulsions
because these surfactant-stabilized oil drops did not foul the UF membrane at lower fluxes
(Figure 2.4a, 4b). Interestingly, during the first few minutes of operation, the pressure
dropped; we speculate that this is due to free surfactant molecules in the solution coating
the membrane surface and pores, making them more hydrophilic, which would increase
membrane permeability 81182, Backflushing is shown to be effective at recovering DDBS-
fouled membranes, as the pressure continuously returned to ~12 psi at 75 LMH and 18 —
20 psi at 100 LMH (Figure 2.4d). TX-100 stabilized emulsions exhibit more significant
and irreversible fouling, evident by the steeper pressure increase and the fact that
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backwashing was not successful in completely recovering the membrane (evident by the
steadily increasing pressure needed to maintain the flux) (Figure 2.4e). In the presence of
10 mM NaCl, hydraulic cleaning of DDBS stabilized oil becomes inefficient (Figure 2.4d).
Here, the initial pressure (after backwashing) increases from 7 to 12 psi at 75 LMH, and
the membrane rapidly, and irreversibly fouls at 100 LMH. The elimination of electrostatic
forces between the oil drops and the membrane upon the introduction of NaCl is likely
responsible to the decreased effectiveness of hydraulic cleaning. Once deposited on the
membrane, van der Waals forces can hold the drops at the surface, resisting sheer forces
exerted during the cleaning process. At 100 LMH, when oil coalescence and wetting of the
membrane surface is more likely to occur, hydraulic cleaning is completely ineffective at
removing the oil film. Cleaning of membranes treating CTAB stabilized oil at 25 and 50
LMH is described in Figure 2.4f. Under both fluxes, membrane fouling followed a similar
pattern, characterized by rapid fouling followed by a more gradual increase in pressure
(Figure 2.4f). Hydraulic cleaning was not capable of recovering membrane performance,
as evident by the continual increase in pressure over the lifetime of the experiment. When
10 mM of NaCl was added, no significant fouling was observed at 25 LMH. However, at

50 LMH, hydraulic cleaning was unable to restore membrane performance.

The fouling mechanism responsible for the observed UF membrane fouling can be
explained by a three step process °: 1) oil droplets accumulate on the membrane surface
(cake layer formation), 2) droplets deform in response to the pressure drop across the cake
layer, and 3) the droplets can coalesce and/or spread along the membrane surface

(membrane wetting). Our findings suggest that CTAB stabilized emulsion fouling in the
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UF membrane process is mainly driven by the electrostatic attraction between positively
charged emulsions and negatively charged membranes. This suggests that positively
charged emulsions would lead to more severe fouling than negatively charged emulsions
during the UF processes (if the membranes are negatively charged). However, when
electrostatic forces are eliminated (i.e. in the presence of sufficient electrolyte
concentrations) other emulsion properties such as interfacial tension and emulsion size also
have a significant impact on membrane fouling behavior. The ineffectiveness of back-
washing for TX-100 stabilized emulsions and DDBS and CTAB in NaCl solution at high
fluxes is probably attributed to the combination of oil coalescence and membrane surface

wetting (and/or pore wetting), which we further explore in Sections 3.6 and 3.7.
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2.3.6 NF filtration results
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Figure 2.5: NF membrane fouling during the filtration of different surfactant-stabilized oil emulsions.
Purple lines correspond to the operating flux of the system were set to 20 and 30 LMH in a-c; hydraulic
cleaning (crossflushing) events are denoted by the breaks in the pressure data lines in d-f. a) NF membranes
step flux tests of DDBS stabilized oil in DI water and 10 mM NacCl. b) NF filtration test of TX-100 stabilized
emulsions in DI water. ¢) NF membranes step flux tests for CTAB stabilized emulsions in DI water and 10
mM NaCl. d) NF hydraulic cleaning tests of DDBS stabilized emulsions in DI water and 10 mM NaCl. e) NF
hydraulic cleaning test of TX-100 stabilized emulsions in DI water. f) NF hydraulic cleaning test of CTAB
stabilized emulsions in DI water and 10 mM NaCl.
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2.3.7 NF flux step fouling tests

DDBS, CTAB and TX-100 stabilized oil emulsions were treated using NF membranes
(Figure 2.5a-c). DDBS stabilized emulsions could resist fouling when the flux was
maintained at 20 LMH. However, when the flux reached 30 LMH, rapid fouling occurred;
the fouling behavior could be separated into a linear fouling region (375 — 600 min) and an
exponential fouling region (600 — 680 min, Figure 2.5a green triangles). For TX-100
stabilized emulsions, the membrane rapidly fouled at 20 LMH (Figure 2.5b); the fouling
could be separated into a linear fouling region extended (0—250 min.), and an exponential
region (250 — 360 min). For CTAB stabilized emulsions, the membrane was fouled at 20
LMH, with a linear increase in pressure from 22 psi to 37 psi. At 30 LMH, the membrane
rapidly fouled (Figure 2.5¢). In the presence of 10 mM NaCl, membrane fouling with
DDBS stabilized emulsions occurred earlier than in the absence of the electrolyte (Figure
2.5a). In contrast, CTAB stabilized emulsions are more resistant to fouling in the presence
of 10 mM NacCl (Figure 2.5c¢ red squares). In both cases, no significant fouling was
observed at 20 LMH. However, at 30 LMH, both the DDBS and CTAB stabilized
emulsions behaved similarly, with linear fouling between 380 - 500 min. followed by

exponential fouling.

DDBS and CTAB solutions were filtered by NF membranes and reported in Figure
2.54 (c,d). No significant fouling was observed at 30 LMH. Therefore, we conclude that

the membrane fouling was mainly caused by emulsions.
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2.3.8 NF hydraulic cleaning

NF hydraulic cleaning tests are described in Figure 2.5d-f. No significant fouling
occurred when DDBS stabilized emulsions were treated at 20 LMH (Figure 2.5a).
Therefore, hydraulic cleaning experiments were conducted at 30 and 40 LMH (Figure 2.5d).
No exponential fouling was observed at 30 LMH when periodic cross flushing was applied,
although membrane fouling was observed, evident by the gradually increasing pressure,
which increased from 31 to 44 psi. Exponential fouling was observed at 40 LMH,
indicating that cross flushing is not effective at cleaning oil-fouled membranes. With the
addition of 10 mM NacCl to the DDBS stabilized emulsions, exponential fouling was
observed at 30 LMH, and membrane performance was not recoverable (Fig 5d). For TX-
100 stabilized emulsions, irreversible membrane fouling was observed at the lowest flux
tested (20 LMH) (Figure 2.5¢). In the CTAB stabilized emulsion cleaning tests, the
addition of NaCl eliminated the irreversible fouling observed when no NaCl was present
(Figure 2.5f, 20 LMH). At 30 LMH, the membrane is still irreversibly fouled in the

presence of 10 Mm NaCl (Figure 2.5f, blue squares).

We hypothesize that the two fouling regimes (linear and exponential) are associated
with two fouling mechanisms. In the linear (early) region, a cake layer composed of the
rejected emulsified oil drops accumulates on the membrane surface. The narrow paths

162 To maintain a constant

through the cake layer result in a pressure drop across the layer
flux, the system pressure must increase to compensate for this pressure drop. Based on the

Carmen-Kozeny equation (used to describe cake layer fouling), a linear increase of
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163 Thus, in our

pressure over time is associated with a non-compressible cake layer
experiments, conditions during the linear fouling period are not extreme enough to induce
oil deformation, which leads to an exponential pressure increase '®°. In the second,
exponential fouling region, two likely events are occurring simultaneously — oil drop
deformation and membrane wetting. Certainly, if the membrane becomes wetted by the oil,
hydraulic cleaning would only have a limited effect on flux restoration. Also, as the oil
drops on the bottom-most layer of the cake layer deform, their contact area with the
membrane surface increases, which increases their ability to wet the membrane (see
Section 3.7 for detailed discussion). As the cake layer builds in thickness, the bottom-most
layer of oil drops must support the forces pushing down on the entire cake layer . Once a
critical cake layer thickness is exceeded (corresponding to a critical pressure drop), the
emulsified oil drops will deform, which can lead to the surfactant molecules becoming
displaced and the oil coming into contact directly with the membrane surface !7!. This
wetting of the membrane by the oil will reduce the active membrane surface area and result

in drastic pressure increase and membrane failure. This mechanism is further discussed in

Section 3.7.
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2.3.9 Membrane permeate analysis

45 UF Permeate ‘%@
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Figure 2.6: TOC analysis of the membrane permeate.

The permeate quality (expressed as TOC) from the UF and NF filtration tests are
presented in Figure 2.6. TOC concentrations in the UF permeate were determined to be
11.25+0.25 ppm, 19.17 = 0.94 ppm and 26.91 + 2.71 ppm for DDBS, CTAB and TX-100
stabilized emulsions, respectively; these TOC values were obtained after operating the UF
system at 100 LMH. Based on these values, the UF membranes achieved a removal of 98.8
+0.1,97.9+0.1, and 97.0 + 0.3% for the DDBS, CTAB and TX-100 stabilized emulsions,
respectively. Unfortunately, under these conditions, the UF membrane was not successful
in reducing TOC concentrations in the permeate to below EPA’s regulatory limit (15 ppm)
when treating CTAB and TX-100-stabilized oil *>!33, As expected, NF permeate was
superior in terms of oil rejection; TOC concentrations in the NF permeate were consistently
below EPA’s regulatory limit for discharge of oily wastewater from ships (15 ppm), except
for the CTAB-stabilized oil which was slightly above the limit (16.99 + 1.04 ppm) 132153,

The addition of NaCl to the system had a dramatic impact on DDBS and CTAB stabilized
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oil rejection by the membranes, with permeate TOC concentrations increasing to 15.44 +
2.05 and 45.10 £+ 3.10 ppm, respectively in the UF permeate. The addition of NaCl reduces
the interfacial tension of the emulsified oil drops, with the interfacial tension decreasing
from 27.5+0.3 and 11.2 + 0.3 mN/m, to 10.6 £ 0.6 and 5.2 + 0.2 mN/m for the DDBS and
CTAB stabilized emulsions, respectively (Figure 2.3). The lower surface tension allows
for easier droplet deformation, which can lead to the penetration of oil drops into the
membrane and their subsequent passing into the permeate. This phenomenon is readily
visible in the UF permeate, which appeared milky when the membrane was used to treat a
CTAB stabilized emulsion (with 10 mM NaCl). A detailed exploration of oil drop
deformation and penetration into the membrane is presented in Section 3.6. The addition
of NaCl also had an impact on NF permeate quality, with TOC concentrations decreasing
to 1.14 £0.35 and 2.79 £+ 1.72 ppm in the NF permeate, for the DDBS and CTAB stabilized
oil, respectively (Figure 2.6). The small pore size of the NF membrane’s active layer (made
of polyamide) allows it to effectively remove emulsified oil drops from water. However,
specific interactions between the charged groups of the polyamide (negative) and
surfactants also impact rejection performance. The positively charged CTAB molecules
can interact with the negatively charged carboxyl groups present in the polyamide matrix
183,184 “which allows the CTAB molecules to effectively enter the polyamide material, as
evident by the poor rejection of CTAB stabilized oil. Because of these specific interactions,
in our experiments (in the absence of NaCl) the rejection of CTAB stabilized oil was nearly

identical for the UF and NF membranes. However, once NaCl was added to the suspension,
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these specific interactions were eliminated, which decreased the NF permeate TOC

concentrations to 2.79 = 1.72 ppm (Figure 2.6).

TOC permeate of surfactant solutions were also analyzed and reported in Figure 2.S5.
Almost all permeate from UF filtration of surfactant stabilized emulsions had higher TOC
values than that of surfactant solutions, which implies that oil passing through the
membrane. Except DDBS stabilized emulsions that had similar TOC values comparing to
the corresponding DDBS solution (12.46 £ 1.95 ppm). Permeate from NF filtration of
surfactant solutions and its stabilized emulsions had TOC values below 4 ppm, only except
that CTAB stabilized emulsions had much higher TOC value (15.44 £+ 2.05 ppm) than that
of CTAB solution (2.30 + 0.14 ppm). We suspect this is due to the CTAB micelle formation,
which has relatively large size that can prevent pure CTAB molecules passing through the

membrane %5,

2.3.10 Emulsion breakthrough during the UF process

Oil emulsion breakthrough during the UF process was observed in the case of CTAB
emulsions under 10 mM NaCl ionic strength. A relatively simple expression, based on the
Young-Laplace equation, can be used to calculate the pressure needed to deform an oil

drop and push it through a membrane’s pore (Eq. 1) %2
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where Peisicar 1S the minimum hydraulic pressure required to force an emulsion droplet to

enter a membrane pore, y is the interfacial tension of the emulsion, 7pore is the membrane’s

pore radius, 74-op 1S the oil droplet radius, and 6 is the contact angle between the membrane

surface (the region wetted by the oil) and the oil drop.
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Figure 2.7: Critical pressure required for emulsions to penetrate through the UF membranes
based on Eq. 1 as a function of the membrane pore size. The gray region represents the pressure
range tested in our experiments.

A plot describing the relationship between Pcriicss and membrane pore size was
developed using Eq. 1 (Figure 2.7). In this model, we assume cylindrical pores, and a
uniform oil drop size, which is based on the average diameter of the oil droplets measured

(Figure 2.2). As expected, because CTAB stabilized oil emulsions in the presence of 10
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mM NaCl have the lowest interfacial tension (Figure 2.3), these drops require the least
pressure to enter membrane pores. For these emulsions, when the membrane pore size is
20 nm, Perisicar drops to 100 psi (Figure 2.7). In our study, we found the CTAB stabilized
oil in the presence of 10 mM NaCl broke through the UF membrane when the trans-
membrane pressure approached 100 psi (Figure 2.4c). These finding correspond well with
the UF membrane’s average pore sizes (19.7 £ 5.6 nm) as determined by SEM image
analysis (Figure 2.S1). At these pores sizes, the model predicts that oil drops under the
explored experimental conditions will deform and penetrate the membrane, which could
lead to oil in the permeate; this was indeed observed, as evident by the TOC data presented
in Figure 2.6. While the model is successful at describing effluent TOC concentrations in
the CTAB/NaCl system, it fails to explain elevated TOC concentrations under other
conditions (e.g. TX-100, CTAB with no NaCl, and DDBS). Based on the model (using
average droplet diameters and interfacial tensions as indicated in Figure 2.2 and 3), the
maximum pressures applied in the UF tests never exceed Priicar for these conditions,
although effluent TOC concentrations are non-negligible (Figure 2.6). It is possible that in
all cases, free surfactant molecules passed through the membrane, which would lead to the
increased TOC measured in the effluent. This hypothesis is strengthened by the fact that
when treated by NF, which can reject surfactant molecules, effluent TOC concentrations
are negligible. Another possibility is that small oil drops, which have a smaller Pisicar Value,
are passing through the membrane (since Perisicar is a function of (rarop / Fpore)’). However,
based on the model, DDBS and TX-100 oil drops would have to be on the order of 10’s of

nm to penetrate the membrane at the pressures used in our experiments. While it is possible
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that a fraction of the oil drops is indeed at this size range, we were unable to detect them

in the feed and permeate using DLS.

2.3.11 Oil surface wetting of UF and NF membranes

We speculate that membrane surface wetting is occurring during both the UF and NF
process, and is responsible for a significant part of the observed pressure increase. In
particular, the exponential increase in pressure during the NF process coupled to the failure
of hydraulic cleaning to restore membrane flux, indicates that the NF membrane is wetted
by oil droplets. The dense active layer of polyamide-based NF membranes renders them
practically nonporous (Figure 2.S1) 87188 which makes oil deformation and penetration
into the membrane itself unlikely '5>!88, This essentially rules out the possibility of pore
blocking during NF, making surface wetting the likely culprit for the observed exponential
fouling. The adhesion energy between emulsion drops and a planar surface can be

expressed as 7118

2)
) 2A 2
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Where f,, is the free energy of adhesion, r4 is the basal radius (the radius of the
oil/membrane contact region), A is the contact area of the oil with the membrane, 0 is the
contact angle between the drop and surface, and V7 is the volume of an emulsion drop. The
force required to wet the membrane surface (F\,), defined here as the point where the
oil/membrane contact angle reaches 90 degrees (i.e. the point where the membrane surface

is fully wetted), can be determined using !7*:

P o w0 _ dfu®) (5)
wr argc drgc

The force (F\) required for DDBS, CTAB and TX-100 stabilized emulsions to fully wet
the membrane surface (i.e. achieve a contact angle of 90°) as a function of oil drop radius
was calculated based on Eq. 2-5. Of the multiple forces that exist between two adjacent
emulsion drops in the cake layer that develops on the membrane surface, the dominant
(largest) force is a compressive force (Fp) caused by the pressure drop across the cake
layer (i.e. the sum of drag forces acting on each drop in the cake), acting on the bottom-

most emulsion drop; this force can be described as %160

Fy, = ApS 6)

where 4p is the pressure drop across the cake layer (determined from the pressure increase
within the linear region of the flux step experiments (Figure 2.5a-c)), and S is the surface
area of contact between the oil and the membrane. Thus, if 4, > F\,, the membrane will
be wetted by the emulsified oil drops, resulting in rapid (i.e. exponential) fouling and
failure. During the NF process, as we noted, if the NF membrane undergoes “exponential”

fouling, it is impossible to recover using hydraulic cleaning alone (Figure 2.5d-f).
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To compare this compressive force (F4,) with the force that resists wetting (Fy,), we
plotted the difference between these two forces (£, - F») as a function of the droplet size
and pressure drop across the cake layer during UF (Figure 2.8a-e) and NF (Figure 2.9a-¢).
In these figures, a positive difference (membrane wetting conditions) is denoted by a green
color, while a negative difference (non-wetting conditions) is denoted by a red color. In
both the UF and NF processes, increasing the emulsion drop size leads to the membrane
becoming wetted at lower pressure drops (Figure 2.8, 9). Thus, larger-sized emulsion drops
are more likely to wet and irreversibly foul the membrane. This fact is compounded by oil
coalescence. The likelihood of oil coalescence is enhanced when oil drops are brought into
very close proximity '“!°!, When emulsified oil drops are densely packed along the
membrane surface (within the cake layer), conditions are optimal for coalescence of

190.192 Thus, oil drops along the membrane surface grow larger over

neighboring oil drops
time, making membrane wetting more likely to occur. Membrane fouling during the UF
process is defined by a linear increase in pressure (Figure 2.4). This is significantly
different than the observed fouling behavior during the NF process, which exhibited linear
fouling followed by exponential fouling (Figure 2.5). As stated earlier, we hypothesize that
the exponential fouling observed during NF can be ascribed to membrane wetting.
However, it is unclear why no exponential fouling is observed during the wetting of UF
membranes. One possible reason is the porous structure of the UF membrane that could

allow oil that wet the membrane to spread along inner pore walls, which will not necessarily

block the entire pore, but would lead to irreversible fouling.
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The difference between F, and F),- during the UF process is presented in Figure 2.8.
Based on the membrane and oil characteristics, the model predicts that for the DDBS
stabilized oil (with or without NaCl), a pressure drop of approximately 1 psi is required to
wet the membrane surface (assuming an average drop size of 8 um, as reported in Figure
2.2) (Figure 2.8a, e). This prediction fits well with the observed fouling and cleaning data
gathered while treating DDBS stabilized oil in 10 mM NaCl; in these experiments, flux is
not recovered effectively at 75 LMH (indicated by the increasing initial pressure after each
backwashing) because the measured pressure drop is approximately 2 psi; at higher fluxes
(100 LMH), the membrane rapidly and irreversibly fouls (Figure 2.4d). When no
electrolyte is present, no pressure increase is measured at 75 LMH, and no irreversible

fouling is observed (Figure 2.4d). For TX-100 stabilized emulsions, the model predicts that

Figure 2.8: Difference between compressive force (F4,) and the force resisting membrane wetting
(Fr) as a function of droplet size and pressure drop across cake layer on a UF membrane surface;
green regions represent a positive differences (wetting) and red regions represent negative differences
(non-wetting) conditions, for: a) DDBS in DI water, b) TX-100 in DI water, ¢) CTAB in DI water, d)
DDBS with 10 mM NacCl, and ¢) CTAB with 10 mM NaCl.
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at the average drop size (5 um), the pressure drop that will lead to oil wetting is 2 psi
(Figure 2.8b). Again, this explains the irreversible fouling observed during the UF process,
where at 75 LMH the modest pressure increase measured during each filtration period led
to irreversible fouling (Figure 2.4e). The conditions during the filtration of CTAB
stabilized oil are not captured well in DI water, as the model fails to account for
electrostatic interactions between the membrane and surfactant. However, when NaCl is
added, the model does do a better job of capturing the interaction between the CTAB
stabilized oil and the membrane; based on the model, the membrane will wet at any

pressure (Figure 2.8e). Indeed, irreversible fouling is observed at a flux of 50 LMH, and

20x10° 1 20x10° 7]

Figure 2.9: Difference between compressive force (F4,) and the force resisting membrane wetting
(Fr) as a function of droplet size and pressure drop across cake layer on a NF membrane surface;
green regions represent a positive differences (wetting) and red regions represent negative differences
(non-wetting) conditions, for: a) DDBS in DI water, b) TX-100 in DI water, c) CTAB in DI water, d)
DDBS with 10 mM NacCl, and ¢) CTAB with 10 mM NaCl.
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no irreversible fouling is observed at 25 LMH where the pressure increase during each

filtration period is negligible (Figure 2.4f).

The difference between F 4, and F,, during the NF process is presented in Figure 2.9.
The NF fouling process can be described by two regions — a linear and exponential fouling
regime. In the NF process, the linear increase in pressure is followed by exponential fouling
of the membranes, which we attribute to surface wetting by the oil and/or oil deformation
inside the cake layer, although it is impossible to rule out some degree of membrane wetting
during the linear fouling region. In DI water, DDBS stabilized emulsions experience a 32
psi increase in pressure (at 30 LMH) in the linear region, which is significantly higher than
the linear pressure increase measured during TX-100 (20 LMH) and CTAB (20 LMH)
stabilized emulsions (14 psi and 12 psi, respectively) (Figure 2.5a-c). Based on the model
(Figure 2.9a-c), assuming average emulsion drop sizes listed in Figure 2.2, the pressure
increase required to fully wet the membrane for DDBS, TX-100 and CTAB stabilized
emulsions is 10 psi, 7 psi and 5 psi, respectively. This qualitatively matches the linear
pressure increase observed in the experiments, where DDBS stabilized emulsions require
more pressure increase to fully wet the membrane. When considering the efficacy of
hydraulic cleaning (cross-flushing the NF membrane), the cleaning of DDBS-fouled
membranes (in DIW) is shown to be not effective under the conditions tested, likely
because of the inability to remove oil that wetted the membrane surface; similar results can
be seen during the cleaning of TX-100 and CTAB stabilized emulsions (Figure 2.d-f). With
the addition of 10 mM NaCl, the pressure increase in the linear region for DDBS stabilized

emulsions decreases to 15 psi (Figure 2.5a), which is supported by the lower pressure
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increase (5 psi) required to completely wet the membrane (Figure 2.9a, d). For CTAB
stabilized emulsions, the addition of NaCl increases the linear region pressure from 12 psi
to 30 psi at 30 LMH (Figure 2.5¢). A similar change is also predicted by the model, which
predicts that a pressure increase of 17 psi is needed to wet the membrane (compared to 5
psi in DI water) (Figure 2.9¢c). These results support the membrane cleaning results, which
demonstrate that hydraulic cleaning is not effective at restoring flux, except when CTAB
at 20 LMH is tested (Figure 2.5f). In this case, the linear pressure increase (3 psi) is far
smaller than the pressure needed to wet the membrane (17 psi), and the membrane does

not wet.

2.4 Conclusions

In this paper, we investigated the fouling of UF and NF membranes by surfactant-
stabilized oil emulsions in water. We tested three different surfactants, DDBS, CTAB, and
TX-100, which have a negative, positive, and neutral hydrophilic head, respectively. The
emulsions and membranes were characterized using a range of analytical methods. Fouling
experiments were conducted using the flux step method. To investigate the impact of
electrostatic interactions on membrane fouling, fouling tests were done in DI water or in
the presence of 10 mM NaCl. To restore membrane flux, we conducted hydraulic cleaning
experiments with the goal of recovering membrane flux. In these experiments, UF
membranes were backwashed and NF membranes were cross-flushed every two hours
while operating at a constant flux. The permeate from the UF and NF experiments was
characterized using TOC analysis to determine the effectiveness of the filtration process to

achieve specific water quality goals. In addition to experimental work, we used two
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modeling approaches to describe the penetration of oil drops through UF membrane pores
and the wetting of the membrane surface by the emulsified oil drops.

Electrostatic interactions between the membrane and the emulsified oil drops were
determined to be important for membrane fouling and rejection. The positively charged
CTAB emulsions, which are electrostatically attracted to the negatively charged
membranes, fouled the membranes rapidly. In addition, these emulsions were able to easily
penetrate the UF membranes, which resulted in poor permeate quality. However, upon the
addition of NaCl and the subsequent compression of the EDL, no significant difference
was observed between CTAB and DDBS stabilized emulsions. In addition, electrostatic
forces impact the surface tension of the oil drops. Upon the elimination of these forces, the
surface tension declines, which makes oil drop deformation significantly easier. This, in
turn, leads to easier drop penetration through UF membranes and increased wetting of both
UF and NF surfaces.

We conclude that in both the UF and NF processes, cake layer formation is responsible
for the observed linear increase in pressure during the fouling experiments. However, once
the pressure drop across the cake layer reaches a critical value, which is dependent on
emulsion and membrane properties, including droplet size, contact angle, and droplet
interfacial tension, oil drops in the bottom-most layer of the cake layer can wet the
membrane surface, which leads to exponential fouling in the NF process. The onset of
membrane wetting is characterized by irreversible membrane fouling. When operating
below the point where the pressure drop across the cake layer reaches a critical point,

membrane flux can be recovered using hydraulic cleaning (i.e. backwashing or cross-
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flushing the UF and NF membranes, respectively). However, once the membranes become
wetted by the oil, hydraulic cleaning is not effective at restoring flux, and other cleaning
methods, such as chemical cleaning, must be employed.
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2.6 Supporting information

Table S1: Characteristics of surfactants used in the system.

Surfactant DDBS CTAB TX-100

MW 348 364 625
*CMC (mM) 1.6 0.8 0.2-0.9 (20-25°C)
0 CH; Br

Molecul S [ o H

olecular ('85 ONa HSC(H20)15_N+_CH3 HC {/\O%n
CHa HaC
Structure  |CH3(CHz)1oCHz HsC HsC CHs

*CMC: critical micelle concentration; Values are based on '3 (1.6'), 4 (0.8%) and Sigma

Aldrich (0.2-0.9 Mm (20-25°C)).
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Figure 2.S1: SEM images of UF (a) and NF (b) membrane surface. UF membranes have a
relatively large pore size with an average pore size of 19.7 = 5.6 nm, while the NF membrane
is nonporous.
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DI water DDBS
47.93+0.33 27.58+0.28

CTAB
11.19+0.28

TX-100 DDBS + NaC. CTAB + NaC
10.5140.21 10.65+0.65 5.24+0.16

UF DI water UF DDBS UF CTAB UF TX-100 UF DDBS +NaCl UF CTAB +NaCl
101.89+2.27 114.70+1.16 133.35+1.18 121.11£2.90 125.77+3.82 131.37+0.54

NF DI water NF DDBS NF CTAB NF TX-100 NF DDBS +NaCl NF CTAB +NaCl
153:01:1.57 150.86+2.75 145.55+2.41 156.00+3.07 153.87+4.45 157.05+3.87

Figure 2.S2: Interfacial tensions (top rows) and contact angles (middle and bottom rows) with
membrane surfaces of hexadecane in water in the presence and absence of surfactants. Interfacial
tension images and the values are listed in the first line in mN/m. UF and NF membrane contact
angle images and values are described in the second and third lines. Oil droplet sizes are 10 pL in
the middle and bottom rows.
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Figure 2.S3: Emulsion droplet size distributions.
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Figure 2.S4: Surfactant solution filtration tests: Solid purple lines represent the fluxes
set to 25, 50, 75 and 100 LMH in UF tests (a, b), and 20 and 30 LMH in NF tests (c, d).
Flushing events are denoted by the breaks in the pressure data-lines in a-d. a) UF flux
step tests for DDBS in DI water and 10 mM NacCl solution. b) UF flux step results of
CTAB in DI water and 10 Mm NaCl. c¢) NF flux step test for DDBS in DI water and 10
mM NacCl solution. d) NF flux step results of CTAB in DI water and 10 Mm NaCl.
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Figure 2.S5: TOC analysis of membrane permeate when treating surfactant solutions.
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Chapter 3. Field-Induced Redistribution of Surfactants at the
Oil/Water Interface Reduces Membrane Fouling on
Electrically Conducting Carbon Nanotube UF

Membranes

Adapted with permission from Ref. 23 Copyright 2018 American Chemical Society
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Abstract

Membrane-based treatment of oily wastewater remains a significant challenge, particularly
under high salinity conditions. The main difficulty associated with this separation process
is membrane fouling, mostly caused by wetting and coalescence of emulsified oil droplets
on the membrane surface. In this study, electrically conducting carbon nanotube-based
ultrafiltration membranes were used to treat an emulsified oil suspension at ionic strengths
as high as 100 mM. By tuning the electrical potential applied to the membrane surface, we
demonstrate how fouling can be dramatically reduced, even under high salinity conditions.
Permeate water quality is shown to improve upon application of a negative potential. Using
optical microscopy, we observed dramatic changes in the shape of oil droplets at the
membrane/water interface in response to the applied electric potential; this change is
associated with a re-distribution of charged surfactant molecules at the oil/water interface
in response to the external electric field. Specifically, using the membrane as a cathode
repels surfactant molecules away from the oil/membrane interface, while anodic conditions
lead to increased surfactant concentrations. We speculate that this change in surfactant
molecule distribution is responsible for changes in the surface tension of oil droplets at the
membrane/water interface, which results in a decrease in oil coalescence and subsequent
fouling. The membranes used in this study offer an attractive treatment option when

separating emulsified oil from water under high salinity conditions.
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Oily wastewater is generated from a wide range of industrial activities.!? 132195196 For

3.1 Introduction

example, hydraulic fracturing of geologic formations in the pursuit of oil and gas generates
large volumes of produced water which can contain large amounts of emulsified oil.!>*
156,197 In the United States, there are approximately 60 million barrels of produced water
generated daily.!* The disposal of this water often requires transportation to remote deep-
well injection sites, dramatically increasing the cost of produced water treatment.!?%1%
Another example is the treatment of oil-contaminated bilge water.!*! Traditional gravity-
based separation methods are effective at removing large and unstable oil droplets (>10
um).2®® However, emulsified oil drops with sizes <10 um are not easily removed by

gravity.!32

Thus, the treatment of contaminated bilge water has been particularly
challenging for ship operators. The effective separation of emulsified oil from water would
be a step towards the discharge of this contaminated water directly to receiving water
bodies.?!

Membrane separation has been demonstrated to be an effective method for emulsified

oil/water separation, with a variety of membrane processes explored for this purpose.

Hydrophilic polysulfone ultrafiltration (UF) membranes can reject over 90% of well
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stabilized droplets;!3°

hydrophobic polyvinylidene difluoride membranes allow the
hydrophobic oil phase rather than the water to pass through, increasing energy efficiency
due to the smaller fraction of oil than water in an emulsion;???> forward osmosis membranes
demonstrated high water flux and oil rejection;!432% thermally driven membrane
distillation processes were shown to be capable of purifying produced water with high

salinity and oil content; 20208

inorganic membranes, such as glass fiber and copper meshes,
decorated with hydrophilic substances to become superhydrophilic or superoleophobic,
achieved high rejection rates across a broad pH range (1-13).2°%2%° Due to the relatively
large size of emulsified oil drops in water (typically >1 pm), low pressure membrane
processes (such as UF) are highly effective at removing these oil drops from water;!> the
low energy consumption associated with these membranes make them particularly
attractive for the treatment of oily wastewater.!*

While membrane-based separation processes are highly effective for oil/water
separations, membranes suffer from fouling, which reduces their performance and requires
periodic cleaning.!#* 193210 Dyring the treatment of oil emulsion in water, the emulsified
oil droplets accumulate on the membrane surface, where they are subject to various forces.
While some forces limit membrane fouling (electrostatic repulsive forces between
neighboring emulsified oil drops, and between drops and the membrane surface, and lifting
forces caused by the tangential flow of water across the membrane surface), other forces
promote membrane fouling (drag forces generated by water flowing through the

accumulated oil drop layer, and Van der Waals forces). In addition to these forces, the

dielectrophoretic force has been used for particle separation due to a net repulsive force
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resulting from a non-uniform electric field.?!!?!> When the fouling forces dominate,
membrane fouling can result from oil drop coalescence and/or from membrane wetting
(i.e., when the oil is absorbed by the membrane).!>!16-213

Droplet interfacial properties play an important role in droplet coalescence and
membrane surface wetting. In general, an oil-in-water emulsion is stabilized by a layer of
surfactant molecules that break strong hydrogen bonds between water molecules along the
oil/water interface. This lowers the interfacial tension between oil and water, and also
forms a charged droplet surface that can repel one droplet from another, preventing
neighboring oil drops from coalescing.?!
The interfacial tension at the oil/water interface is dependent on the solution ionic strength,
with higher salt concentrations leading to lower interfacial tensions;?!®2!7 at elevated ionic
strengths, screening of the charged surfactant head, as well as possibly a “salting-out”
effect allows for higher surfactant packing density at the oil/water interface, leading to
enhanced steric hindrance that prevents droplet coalescence.?!®

Carbon nanotube (CNT)-based electrically conducting membranes have shown great

promise in preventing numerous types of membrane fouling, such as organic fouling,”!:!!>

67,104 85,92

biofilm formation, and inorganic salt scaling. The goal of study paper is to
investigate the fouling behavior of electrically charged membranes during the treatment of
well-stabilized oil emulsions under high salinity conditions. Different electrical potentials,
as both AC and DC, were applied on CNT membranes at various fluxes and ionic strengths.

Membrane properties, droplet characteristics and permeate chemistry were investigated

accordingly.
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3.2 Materials and Methods

3.2.1 Membranes and chemicals

Commercially available Polyethersulfone (PES) UF membranes with a molecular
weight cut off of 20 kDa (Synder Filtation, CA) were used as the conducting membrane
substrate in all filtration experiments. Hexadecane (99.8%, Fisher Scientific), sodium
chloride (NaCl, 99.5%, Sigma Aldrich), dodecylbenzenesulfonate sodium salt (DDBS,
technical grade, Sigma Aldrich) and carboxylic groups functionalized multi-walled CNTs
(99wt%, Cheap Tubes, outer diameter of 13-18 nm, tube length of 3-30 um, and COOH
content of 7.0%) were used as received.
3.2.2 Membrane fabrication and characterization

Electrically conducting membranes were fabricated based on a previously published
method.® In short, a solution containing 0.1 g/ CNTs and 1 g/L DDBS was sonicated for
30 min using a horn sonicator (450 Digital Sonifier, Branson), followed by centrifugation
at 11000 rcf (Avanti J-E Centrifuge, Beckman Coulter) to remove undispersed particulates.
After this, 75 ml of the CNT suspension were pressure-deposited on the PES membrane
support using a dead-end filtration cell at 60 psi. A uniform CNT layer with a thickness of
approximately 2 um was formed. Membrane surface morphology, expressed as the root
mean square of roughness, was characterized by atomic force microscopy (AFM) in
tapping mode (scan rate: 0.2 Hz), based on a grid size of 10 um x 10 um (MFP-3D Classic,
Asylum). A 4-point conductivity probe was used to characterize the membrane sheet

resistance (MCP-T610, Mitsubishi). Membrane surface potentials vs. a Ag/AgCl reference
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were measured using a 3-electrode configuration (with a Pt-coated Ti plate as a counter

electrode) connected to a potentiostat (Figure 3.S1, 600E Potentialstat, CH Instruments).

3.2.3 Emulsion preparation and characterization

Oil emulsions were prepared by homogenizing 5 g/L hexadecane, 100 ppm DDBS, and
0, 10, or 100 mM NaCl in 1.5 L deionized (DI) water at 4000 rpm for 2 min (IKA T50
homogenizer, Cole-Parmer). Size and charge of the oil droplets were characterized by an
optical microscope (Axioskop 2 plus, Zeiss) and a zeta potential analyzer (ZetaPALS,
Brookhaven Instruments Corporation), respectively. Droplet size distributions were
calculated based on the diameters of more than 100 drops, using image analysis software
(Image)).
3.2.4 Contact angle and interfacial tension measurement

Hexadecane was injected into 100 ppm DDBS solution with 0 and 100 mM NaCl
electrolyte. The underwater contact angle and interfacial tension (of the oil/water interface)
were measured using a contact angle goniometer equipped with proprietary image analysis
software (Model 250, Rame-hart).
3.2.5 Membrane filtration process

For the filtration experiments, electrically conducting membranes were placed into a
custom-built cross-flow filtration cell (active membrane area of 10 cm x 4 cm, with a
channel height of 3.8 mm) designed to accommodate electrically conducting membranes.”!
A Pt-coated Ti plate, with dimensions identical to active membrane surface area, was
placed 3.8 mm above the membrane surface and used as a counter-electrode. Water was

circulated through the flow cell using a diaphragm pump (Hydra-Cell, MN), at a flow rate
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of 1 L/min, which translates into a cross-flow velocity of 11 cm/s. Prior to studying
membrane surface fouling, CNT membranes were prewetted with methanol, then
compressed at 100 psi until water flux stabilized at between 60-90 L'm2h! (LMH).
Membrane fouling was investigated using a customized filtration system operating in
constant flux mode, with the flux maintained at 10, 20 and 30 LMH.'®!7> For each
experimental condition, the filtration process was operated for 2 h in 3 cycles, with a 5-
minute backwashing step and a 5-minute cross-flushing step (together termed “hydraulic
cleaning”) using the feed solution at 0 psi between each cycle. Membrane fouling was
expressed as an increase in the required pressure needed to maintain the constant flux.
Electrical potentials of 0 V, 2.5 Ve, 5 Ve, and 2.5 Vo @ 1 Hz were applied to the
membrane/counter electrode during the entire filtration process using an arbitrary
waveform generator (DG1022, Rigol), with the membrane always functioning as the
cathode (i.e., the membrane was negatively charged) when DC potentials were applied; for
the 2.5 Vac conditions, a Sine waveform was used (i.e., £2.5 V). Two ionic strength
conditions, 0 and 100 mM NaCl, were tested. All experiments were done in triplicate.
3.2.6 Permeate water quality analysis

Permeate water quality was evaluated by measuring the total organic carbon (TOC)
using a TOC analyzer (TOC, 1030W, O.I. Analytical). The surfactant concentration was
measured using the formation of the ionic pair between methylene blue and the anionic

surfactant.?!”
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3.3 Results and Discussions

3.3.1 Contact angle and interfacial tension

Contact angle and interfacial tension measurements are summarized in Figure 3.1e-f.
PES-CNT membranes are readily wetted by DDBS stabilized oil emulsion in DI water,
with a contact angle of 35.1 + 3.5 degree (Figure 3.1¢). The contact angle dramatically
increased to 163.2 + 1.7 degree when the solution was changed to 100 mM NaCl (Figure
3.1f). This dramatic shift is likely a result of the increased surfactant concentration at the
oil/water interface, which forms a more robust layer between the membrane and oil and
reduces the likelihood of the oil coming into direct contact with the membrane surface
itself. This conclusion is further supported by interfacial tension measurements in the
presence and absence of the electrolyte. The interfacial tensions of droplets in 0 mM NaCl
and 100 mM NacCl solution were measured using the pendant drop method. In DI water,
the oil/water interfacial tension was determined to be 22.8 + 3.5 mN/m (Figure 3.1g);
however, in the presence of 100 mM NaCl, the interfacial tension dropped by a factor of
10 to 2.0 = 0.6 mN/m (Figure 3.1h). This drop in interfacial tension is associated with the
higher packing of surfactant molecules at the oil/water interface enabled by the reduced

electrostatic repulsion between the charged groups of the hydrophilic surfactant heads.

3.3.2 Membrane and emulsion characterization

Membrane surface contours, as measured by AFM in tapping mode, were used to
evaluate surface roughness (Figure 3.1a, 1b). The pristine PES membranes have a very
smooth surface with a roughness of 1.1+0.8 nm (Figure 3.1a). The deposition of the CNT

layer increased surface roughness to 47+37 nm (Figure 3.1b). The sheet resistance of CNT
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membranes was measured to be 176.1 = 9.3 Q /5, which translates into a conductivity of

2839.3 + 149.9 S/m. The electrical resistance of the dry membrane inside the flow cell was
289.6 + 20.1 Q (measured across a 10 cm flow channel); once water was introduced into
the cell, the resistance increased to 412.1 + 20.4 Q, and stayed constant throughout the
experiment. The increase in resistance is likely caused by slight swelling of the CNT layer,
which would increase the contact resistance between neighboring CNTs. Furthermore, the
fact that the electrical resistance did not change over the course of the experiments indicates
that the CNTs formed a stable layer that did not lose CNTs. Our previous study indicated
that the pore-size of these membranes was approximately 125 nm, which agrees with
findings that state that the pore sizes of a fiber network range between 6 and 8X the fiber
diameter.¥

The pH of the emulsion was determined to be 6.01 + 0.50 and 5.72 + 0.30 in the 0 and
100 mM NaCl solutions, respectively. Zeta potentials of oil droplets in DI water and in 100
mM NaCl solution are reported in Figure 3.1c. As can be seen, the zeta potential increased
from -63.9 + 3.5 to -81.4 + 3.2 mV with the addition of NaCl. Using the Gibbs adsorption
isotherm (Section SI 3), we calculated that the surfactant concentration at the oil/water
interface increased from 6.268x10"7 mol/m? in 0 mM NacCl to 3.092x10® mol/m? in 100
mM NacCl (Table S2, Figure 3.S2). This increase is a result of enhanced charge screening
of the charged sulfonate groups of the surfactant molecules at higher electrolyte
concentrations.?!32! This increase in charge density can lead to the observed enhanced
zeta potential at higher ionic strengths (Figure 3.1c). While an increase in solution

temperature leads to increased measured mobility, we determined that no significant
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temperature differences occurred under the 0 mM and 100 mM conditions (due to resistive
heating in the solution), and thus, the zeta potential measurements were reflective of
enhanced surface charge density at higher ionic strengths. The increased adsorption of
surfactant molecules at the oil/water interface is a result of decreased electrostatic repulsion
between neighboring adsorbed surfactant molecules, which allows for higher surfactant
concentrations at the oil/water interface, Interestingly, there was a dramatic reduction in
droplet size after the membrane filtration process (in the retentate), with the size of
emulsified oil drops decreasing from 14.9 + 11.0 before the experiment to 2.4 + 1.5 pm
after the experiment in DI water, and from 7.5 + 4.5 to 2.2 = 0.9 pm in 100 Mm NaCl
(Table S1, Figure 3.1d). This was likely caused by shear forces in the fluid channel and
pump head, which sheared larger drops into progressively smaller droplets.??® Qil droplets
in both DI water and NaCl solutions have similar sizes after filtration, which suggests that
droplet size is controlled by the shear rate in the membrane filtration system. Figure 3.1d
demonstrates the wide size distribution of freshly made emulsions, ranging from 0 to 40
um, and the far narrower distribution following the filtration experiments. We believe that
the relevant emulsion sizes during these experiments are 2.4 + 1.5 um in DI water, and 2.2

+ 0.9 um in 100 mM NaCl.
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Figure 3.1: Membrane and droplet characterization: Membrane surface morphology and surface roughness of (a) PES
membrane and (b) PES-CNT membrane; (c) droplet zeta potentials under different ionic strength conditions; (d) droplet size
distribution in DI water and 100 mM NaCl solutions; contact angle of DDBS-stabilized oil droplets on CNT membranes in

(e) DI water, and (f) 100 mM NaCl solution; interfacial tension of DDBS stabilized oil droplet in (g) DI water, and (h) 100
mM NaCl solution.

3.3.3 Membrane filtration results

Oil emulsions in DI water or in 100 mM NaCl were filtrated using PES-CNT membranes
at 10, 20 and 30 LMH, under different applied electrical potentials (Figure 3.2); Membrane
surface potentials versus a Ag/AgCl reference at 2.5 V4. and 5 V. cell potentials were
determined using the open circuit potential method,?!! with potentials of -1,000 mV and -
2,300 mV in DI water, and -1300 mV and -3400 mV in 100 mM NacCl, under 2.5 V4. and
5 Vg conditions, respectively (Figure 3.S1). While we did not observe any bubble
formation (caused by water electrolysis on the membrane), we cannot completely rule out

their formation and/or participation in the observed fouling phenomena. When filtering
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Figure 3.2: Membrane filtration process under different ionic strengths. Membranes were
back-flushed every 2 h, as indicated by the break between symbols. Membranes were charged
with 0, 2.5 Ve, 5 Ve, or 2.5 V,c and system was operated at fluxes (a) 10, (b) 20 and (c) 30 LMH
in 0 mM NaCl. (d), (e), and (f) represent the system being operated with under the same
conditions except the solution was changed to 100 Mm NaCl.
emulsions in DI water, PES-CNT membranes experienced instant fouling at 0 V (data not
shown). This indicates that intrinsic membrane properties such as surface hydrophobicity
leads to rapid membrane wetting, which obstructs the flow of water. The application of 2.5
Vae and 5 Vg reduced membrane fouling, allowing the filtration process to run
continuously, with no fouling observed, at 10 LMH (Figure 3.2a). A similar trend was

observed in a study by Zhang & Vecitis, where they conclude that a potential-induced

change in the concentration polarization layer is responsible for the observed anti-fouling
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phenomena.!!6

Interestingly, the pressure required to maintain a flux of 10 LMH was dependent on the
applied potential. When 2.5 V4. were applied, the required pressure was 18 + 3 psi, while
when 5 V4. were applied, the required pressure was 10 + 2 psi. The lower initial pressure
requirements at higher potentials (5 Ve vs. 2.5 Vi) may be caused by capacitance-induced
hydrophilicity, which results in lower hydraulic resistance. These results indicate that under
low ionic strength conditions, the induced electrostatic repulsive forces between the
membrane and the emulsified oil drops (both negatively charged) are capable of repelling

the oil drops from the membrane surface, which prevented membrane fouling.

When the flux was increased to 20 LMH, membrane fouling was very mild under both
applied potentials (Figure 3.2b). Under these conditions, hydraulic pressure gradually
increased from 44 to 48 psi, and from 33 to 36 psi after running three cycles under 2.5 Vqc
and 5 Vg, respectively. Importantly, the fouling, while mild, was not reversible, with the
hydraulic cleaning steps (backwashing and cross-flow washing) not capable of restoring
flux. Once again, the higher applied potential resulted in lower pressures needed to
maintain the flux. When flux increased to 30 LMH, pressure requirements rose sharply
(from 80 to 95 psi, and from 55 to 100 psi under 2.5 V4c and 5 Vg, respectively), indicating
that sever fouling occurred (Figure 3.2¢). Again, hydraulic cleaning was not capable of
recovering the membrane’s flux.

When treating emulsions in 100 mM NaCl solution, both AC potentials and DC
potentials were investigated; here, AC conditions were tested with the goal of inducing

dielectrophoresis, which may prevent oil drops from accumulating on the membrane
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surface. DC potentials where the membrane serves as an anode were not studied because
of the probable occurrence of CNT electro-oxidation.®* As shown in Figure 3.2d and Figure
3.S4a, applying 2.5 V, potentials at 1 Hz and 10 Hz accelerated membrane fouling at 10
LMH, while DC potentials at 0 V, 2.5 Vg and 5 V. did not foul membranes, with the
required pressure remaining constant throughout the experiment. These results indicate that
dielectrophoresis does not contribute to fouling prevention, but negative potentials were
able to prevent fouling. When oil drops stabilized with the positively charged CTAB
surfactant were treated at 10 LMH at 2.5 Vg, the membranes experienced a rapid increase
in pressure (Figure 3.S4b). This result shows that electrostatic attractive forces between the
negatively charged membrane and the positively charged emulsified oil drops contribute
to rapid membrane fouling. Furthermore, as in the DI water conditions, the application of
anegative potential to the membrane surface resulted in lower pressures needed to maintain
flux. When the flux was increased to 20 LMH, membranes were irreversibly fouled by oil
droplets under 0 V, with pressure increasing rapidly from 65 psi to 100 psi (Figure 3.2¢).
However, the system pressure remained steady (i.e., no fouling was observed) when 2.5
Ve and 5 V4o were applied to the membrane surface, with pressures being slightly lower
under the 5 V. conditions (Figure 3.2e). At 30 LMH, membrane fouling became more
significant, resulting in a pressure increase from 68 to 80 psi (2.5 Vqc) and 60 to 75 psi (5
Vac) within each cycle (Figure 3.2f). Interestingly, membrane fouling was reversible at this

high ionic strength, and the flux could be restored using hydraulic cleaning.

The additional energy associated with the application of electrical potentials to the

membrane surface is explored in the SI (SI 12). The energy was estimated to be 0.08
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kWh/m? and 0.42 kWh/m?3 at 2.5 V and 5 V, respectively, in 100 mM NaCl, and 0.008
kWh/m? and 0.10 kWh/m? for 2.5 V and 5 V, respectively, in 0 M NaCl; these calculations

assume a flux of 30 LMH.

3.3.4 Membrane permeate quality

TOC concentrations (a measure of water quality and oil rejection) were measured in
the membrane permeate as a function of the applied electrical conditions and ionic strength
(Figure 3.S3). In DI water under 0 V, the membrane fouled instantly and no permeate could
be collected. When 2.5 V4 and 5 V4. were applied to the membrane surface, TOC values
of 32 £ 13 and 21 + 4 ppm were measured (99.3% and 99.5% removal), respectively. TOC
concentrations in permeate generated from emulsions in 100 mM NacCl, were higher: 73 +
12 and 30 + 5 ppm under 2.5 Vg and 5 Vg (98.3% and 99.3% removal), respectively.
Under 0 V and 2.5 V. conditions, the permeate showed higher TOC values of 170 + 30,
and 115 £+ 45 ppm (96.1% and 97.3% removal), respectively. Not surprisingly, the applied
negative electrical potentials behaved as a barrier that repelled both droplets and
surfactants, reducing TOC values in the permeate.??! Using the formation of the ionic pair
between methylene blue and the anionic surfactant,?!” the concentrations of surfactant in
the permeate were determined to be fairly independent of the ionic strength and electrical
conditions, ranging between 10-18 ppm (Figure 3.S3). Thus, majority of the TOC
measured in the permeate was likely contributed by oil penetrating through the membrane.
Based on our calculations, an average-sized oil droplet in our system (2.2 pm in diameter)
would require a minimum pressure of 554 psi to deform and penetrate through the

membrane’s pores, which is dramatically greater than the operating pressures in our system
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(Section SI 10).'® However, the critical pressure needed to deform oil drops declines with
their size. Thus, it is likely that smaller droplets could deform and penetrate the membrane.
In addition, it is likely that the application of an electrical potential increases the rejection
of these small oil droplets, which results in the overall lower TOC levels measured in the
permeate upon the application of cathodic potentials (Figure 3.S3).
3.3.5 Force analysis for droplets near membrane surface

To understand the mechanism behind the observed anti-fouling phenomena, we
conducted an overall force analysis on emulsified oil drops along the membrane surface.
In our filtration system, the membranes were facing down, which caused the buoyancy
force to push the oil drops against the membrane surface, as illustrated in Figure 3.3. The
total attractive force between the membrane and the oil droplet is a sum of the permeate
drag force (Fq), the buoyance force (Fy), and the short-range Van der Waal force (Fyaw).
The repulsive force (keeping the oil away from the membrane) is the sum of the cross-flow
lifting force (Fi) and the electrostatic repulsive force (Fes). The detailed equations used to
calculate these specific forces are listed in the Supporting Information (SI 6). Based on our
calculation, Fy gives a net attractive force of 10~ nN; the repulsive lift force, Fi, has a value
of 107 nN. These forces are independent of the distance from the membrane surface. At
close ranges to the membrane surface (less than 100 nm), the magnitude of these forces
was significantly smaller than the other forces in the system (Fq is larger than 103 nN at
100 nm and larger than 10 nN at 50 nm). The magnitude of the drag forces experienced
by an oil drop are impacted by water flux (10, 20 or 30 LMH). However, these differences

are not dramatic, with Fq values of 3x1072, 5x1072, and 8x10 nN for a flux of 10, 20, and
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30 LMH at a distance of 5 nm, respectively (Figure 3.S4). The overall force curves at all
fluxes are presented in Figure 3.S5. In these curves, positive values represent repulsive
forces between the oil droplet and the membrane surface, while negative values represent
attractive forces. We assumed a membrane surface potential of -100 mV when no electrical
potential was applied, with the negative potential attributed to surface hydroxyl and
carboxylic groups on the CNTs.!'>222 Qur modeling results indicate that using the
membrane as a cathode can significantly enhance the maximum repulsive force in DI
water; for example, at 20 LMH the maximum force increased from 2 nN at -100 mV to 21
nN at -1,000 mV (Figure 3.S5b). Increasing the applied potentials (to -2,300 mV) did not
dramatically increase the repulsing force (maximum of 21 nN), although the distance from
the surface where the maximum repulsive force occurs extended further away from the
membrane (from 5.3 nm at -1,000 mV to 6.7 nm at -2,300 mV). This is not surprising, as
the maximum repulsive force is a function of the maximum ionic concentration in the
electrical double layer (EDL), with the concentrations reaching saturation at these high
potentials.!'® Therefore, increasing the potential from 2.5 V4 to 5 Ve simply increases the
thickness of this saturated layer, pushing the point of maximum repulsive force away from
the surface. When the ionic strength was increased to 100 mM, our calculations showed
that the maximum repulsive force declined relative to the DI water case (Figure 3.S5d-f).
Here, the maximum repulsive force was calculated to be 9 nN, 10 nN, and 10 nN for surface
potentials of -100 mV, -1,300 mV, and -3,400 mV, respectively (at 20 LMH, Figure 3.S5e).
This is caused by the increased ionic strength of the bulk solution, which results in a smaller

difference between the concentration in the bulk and the EDL, and consequently to a
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smaller difference in osmotic pressure between the bulk solution and the space between the
membrane and oil drop. At 20 LMH, the distance where the maximum repulsion occurred
increased from 3.6 nm (at -100 mV) to 5.2 nm (at -1,300 mV), to 6.3 nm (at -3,400 mV).
Our model also indicates the presence of a very shallow secondary repulsive peak at
approximately 17 nm, although it is unclear whether this shallow peak has any real
significance. While the force models are quite similar across all fluxes, our experiments
show rapid fouling at 30 LMH under all conditions (Figure 3.2c, 2f). Thus, we speculate
that an additional mechanism/s are responsible for the observed fouling (i.e., other
droplet/membrane and droplet/droplet processes are taking place, which are not accounted
for by the force balance described above).
3.6 Proposed mechanisms of reduced membrane fouling

The impact of the applied electrical potential on the shape, contact angle, and interfacial
tension of emulsified oil droplets at the membrane/water interface can be seen in Figure
3.3. The shape of the drop changed dramatically as a function of the applied potential.
When the membrane was used as a cathode, the oil drop assumed a more oblong shape,
compared to the 0 V case (Figure 3.3d and 3¢). However, when the membrane was used as
an anode, the oil drop became more circular (Figure 3.3f). The shape of an oil drop can be
used to calculate the interfacial tension of the drop.??* Based on drop-shape image analysis,

we determined that the interfacial tension was 1.55 + 0.30 mN/m at 0 V, decreasing to 0.80
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Figure 3.3: Proposed surfactant redistribution at (a) 5 V4. with membrane as cathode, (b) 0 V, and
(¢) 5 Vg with membrane as anode; Droplet contact angle and interfacial tension in 100 mM NacCl in
response to the applied electrical potential (d-f).

+ 0.11 and 0.59 + 0.22 mN/m under cathodic 2.5 V and 5 V conditions, and increasing to

2.69 £ 0.41 mN/m under anodic conditions (Figures 3d-f). The applied potential also
resulted in a change in the contact angle of the oil drop, with a contact angle of 150.9 +
6.6° at 0 V, decreasing to 135.0 + 4.0 and 124.3 £+ 4.7° with a cathodic membrane (2.5 and
5 V4c), and increasing to 155.7 £ 6.7° with an anodic membrane (Figures 3d-f). We propose
that these changes are caused as a result of a change in the surfactant distribution at the
oil/water interface in response to the applied potential. We confirmed this interfacial
tension (oil-membrane interface) change using our experimental contact angle data in SI
section 1.5 (used to model surface wetting). DDBS (used to stabilize the oil) is an anionic
surfactant with a negatively charged sulfonated functional group. When the membrane was

used as a cathode, the ionic heads of the surfactant were repelled from the membrane and
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redistributed around the oil drop (Figure 3.3a). As a result, fewer surfactant molecules were
left at the oil/membrane interface, while more surfactant molecules were located at the
oil/water interface, which would explain the lowering of the membrane/oil contact angle,
and the lower oil/water interfacial tension measurement. The opposite phenomenon
occurred when the membrane was used as an anode, i.e., the negatively charged surfactant
molecules were attracted to the membrane surface, which results in more surfactant at the
membrane/oil interface (higher contact angle) and less surfactant at the oil/water interface
(higher interfacial tension, and less electrostatic repulsion between neighboring droplets).
Oil in water emulsions with a higher interfacial tension (at the oil/water interface) tend to
coalesce more, which can lead to enhanced membrane fouling.??*

In general, emulsions with lower contact angle will wet the membrane surface more
easily, causing membrane fouling.?> However, in our system we observed an opposite
phenomenon, namely, reduced fouling under cathodic conditions. Therefore, we propose
that the dominant fouling mechanism under high ionic strength conditions is due to droplet
coalescence, which results in larger oil droplets, making pore blocking and membrane
wetting more likely.!3¢213 A schematic of our proposed fouling mechanism can be seen in
Figure 3.4a. As can be seen, cathodic or anodic potentials lead to different surfactant
distributions around oil drops along the membrane surface, which impacts their propensity
to coalesce and wet the membrane. To determine the likelihood of oil drops at the
membrane surface to experience coalescence under our experimental conditions, we used
the film drainage model (SI 8, Table S4).2! In this model, the coalescence frequency, 2, is

defined by the drainage time, t4,qinage, and contact time, tooneqc: (S€€ Equation 1). The
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explicit expressions used to describe tgrqinage and teoneace are listed in the SI (Section
1.6). Upon rearrangement, A can be expressed as a function of the interfacial tension, y,
and a positive constant (C) (Equation 1). Based on our calculations, A decreases from 0.19
+0.04 at 0 V to 0.04 £ 0.02 at 2.5 Vg, and 0.02 = 0.01 at 5 Vg4 in 100 mM NaCl. Under
anodic 5 V condition, A increased to 0.38 + 0.02. Therefore, negative membrane potentials

reduced the probability of droplet coalescence.

drainage

A = exp(—- ) ~exp(—Cy~1) (1)

tecontact

To estimate the relationship between the increased droplet size (from coalescence) and
membrane wetting, we made some highly simplifying assumptions. Specifically, we
assumed that when oil drops accumulate in the cake layer, they do not deform, instead
acting as solid spheres that are in direct contact with each other. In fact, for droplet
coalescence to occur, oil drops must first come in direct contact with each other (i.e., film
drainage must occur). Thus, we believe these assumptions are supported by our
experimental findings. We use these assumptions to calculate specific values for the
different forces occurring at the membrane/oil interface; importantly, while these
assumptions ignore certain droplet properties, we believe our results are relevant in terms
of trends, if not necessarily in terms of absolute values.

The accumulation of oil drops at the membrane surface forms a cake-layer, which
results in a pressure drop across the layer; this pressure-drop was determined from the

increase in pressure during the first cycle (Figures 2d-f) and used to calculate the

compressive force (F,p) acting on an oil drop at the membrane/water interface (SI 9; Table

$5).166 We defined AF as the difference between Fp,and the surface force resisting
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membrane oil wetting (F,,; Equations S25-S27). The magnitude of AF is highly dependent
on the droplet size, with larger drops leading to more wetting (Equation S28). A positive
AF value indicates membrane wetting will occur. AF values were plotted as a function of
the droplet size (Figure 3.4b-d). At 10 LMH, AF is negative for droplet sizes smaller than
the average droplet size (a radius of 1.1 um in 100 mM NaCl), regardless of applied
electrical potentials (Figure 3.4b). However, under the 2.5 Vac condition, droplets have a
higher probability of coalescence (A = 0.38 + 0.02). We speculate that under these
conditions, droplets will coalesce, with their radius increasing beyond the size where AF
becomes positive when (radius>1.6 pm), resulting in membrane wetting (Figure 3.2d,
Figure 3.4b). When flux was increased to 20 LMH, no significant fouling was observed
under the 2.5 V4 and 5 Ve conditions, but the membrane rapidly fouled at 0 V (Figure
3.2e). In the case of 0 V, the model predicts wetting when droplets are larger than 0.2 pm
(Figure 3.4c). In contrast, the model predicted positive AF values for droplets >0.6 pm
under the 2.5 Vg4 and 5 Vg conditions (Figure 3.4c). Under the 0 V conditions, some
coalescence is likely taking place (4 = 0.19 + 0.04), which would grow the droplet drops,
and facilitate wetting. Under 2.5 V4. and 5 Ve 4 decreases to 0.04 + 0.02 and 0.02 + 0.01,
respectively, which would limit coalescence. It is known that small particles (droplets) are
preferentially deposited on rough surfaces, such as our membrane.??%-?2° Thus, considering
the droplet size distribution, and the very low coalescence probability, it is possible that
the fouling layer is composed of non-coalescing drops with sizes <0.6 pm, which do not
wet the membrane, and do not lead to irreversible fouling. When the flux increased to 30

LMH, no irreversible fouling was observed under 2.5 V4 and 5 V. conditions (Figure
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3.21), indicating that no membrane wetting occurred. Again, we reason that this is caused
by the dominance of small oil drops in the cake layer (<0.25 pm) and the lack of
coalescence events (Figure 3.4d). Interestingly, the model predicts larger AF values under
5 V. conditions, compared to 2.5 V4. when the droplet size exceeds the critical threshold
(Figure 3.4b-d). This is likely caused by the higher interfacial tension (oil-membrane
interface) and lower contact angles at the higher potential

induced by the enhanced redistribution of surfactants (section 1.5 in SI).
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Figure 3.4: (a) Illustration of mechanistic pathways of membrane surface wetting
under anodic and cathodic membrane potentials. Impact of droplet size on membrane
surface wetting under (b) 10 LMH, (c) 20 LMH and (d) 30 LMH;
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3.4 Additional Information
Detailed information on emulsion size distribution (Table S1); membrane surface open
potential (Figure 3.S1); surfactant surface density (Table S2); the correlation between the
interfacial tension and surfactant concentration (Figure 3.S2); membrane permeate quality
(Figure 3.S3); additional membrane filtration results for 2.5Vac at 1 and 10 Hz, and
cationic surfactant stabilized droplets (Figure 3.54); force calculation and combined force
curves (Table S3, Figure 3.S5); emulsion interfacial tension calculation (oil-membrane
interface) (Figure 3.S6); coalescence probability calculation (Table S4); membrane
surface wetting (Table S5); a summary of previous studies using membrane treating oily
wastewater (Table S6); energy and cost analysis (SI 12).
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3.6 Supporting information

SI 1. Membrane surface potential
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Figure 3.S1: Membrane surface open potentials versus Ag/AgCl in (a) DI
water and (b) 100 mM NaCl.

In DI water, membrane surface potentials were -1000 mV and -2300 mV when external
electrical potentials -2.5 V and -5 V were applied (Figure S1a). In 100 mM NacCl solution,
the corresponding electrical potentials vs. Ag/AgCl were -1300 mV and -3400 mV when

external -2.5 V and -5 V were added (Figure S1b).
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SI 2. Emulsion size distribution

Table S1: Oil emulsion average size in the feed solution.

Feed solution Freshly Made (um) After filtration (um)
DI water 149+11.0 24+1.5
100 mM NacCl 7.5+4.5 22+0.9
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SI 3. Surfactant surface density at oil-water interface

Gibbs isotherm was used to determine the surface excess concentration of surfactant at
oil water interface ( I'g, Equation S1),>!® where m is the factor determined by electrolyte (
m=1 for the system with extra electrolytes, m=2 for the system without extra electrolytes).
R, T, ¥ and C represent gas constant (8.314 J K-! mol'!), temperature (293 K), interfacial
tension and the surfactant concentration in the bulk. Iy values were reported in Table S2

based on the slopes of lines from Figure S2.

o 1 (ay)(l)
S mRT \dInC

Table S2: Surfactant excess concentration at emulsion interface based on Gibbs

1sotherm.

Tonic strength Slope (N/m) ['s (mol/m?)
0 mM NacCl -3.054x107? 6.268x107
100 mM NacCl -7.531x1073 3.092x1076
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Figure 3.S2. The correlation between the interfacial tension of hexadecane/water
and the DDBS surfactant concentration in the bulk.
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SI 4 Membrane permeate quality
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SI 5 Addition membrane filtration results
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Figure 3.S4. Filtration results of 2.5Vac with a frequency of 1 and 10 Hz (a), and cathodic
2.5 Vdc treating cationic surfactant CTAB stabilized droplets (b) at 10 LMH in 100 mM

NaCl
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SI 6 Force analysis

Buoyancy force has a value between 10 to 10~ nN which is less important because it
is constant for the same oil emulsion and significantly smaller than the other forces
(Equation S2), where p,, and p,;; are water and oil densities, g is standard gravity, and d
is droplet diameter.!?

3
Fy = (pw-poi)g % (2)

Continuous cross flow on membrane surface generates lifting force on oil emulsion that
can sweep it from the membrane surface, calculated with a value of 10> nN (negligible),
as described by F:2222%7

F = 81-2(pwuw)'/3)°'5(%)3 (3)
where y represents the shear rate, and equation S4 is applied for laminar flow with a

flowrate of Qr in a rectangular channel with width W and height H (In our experiment the

flow is laminar, Re=761):
. 30Qf
Y= owne

Modified Stokes’s law is used to calculate Fq, which serves as a constant attractive

)]

force at different distances and will act to help to bring emulsions close enough to break
the energy barrier and simultaneously wet the membrane surface. In Equation S5, @ is the

wall correction factor, u,, is dynamic water viscosity, and j is the permeate flux:

F; = @3u,ndj 5
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To calculate @, film resistance Ry, is required and obtained from Equation (S7), where

TMP is transmembrane pressure:!%-228:229

R, d Ry, =——r
®=\/%+1.0722 TN

The value of Fq can be complicated to calculate because the two events occurred in the
system. Firstly, once some emulsions start to block or spread on membrane pores, Rm will
increase and lead to a higher value of @. In the meanwhile, emulsion coalescence would
also lead to an increase of droplet size that also increases the driving force for emulsion to
wet the membrane surface. Additionally, tabulated results from Goren were also effective
for directly calculating @ based on the ratio between particle radius and the distance from
planar surface to particle surface (used for this study).?2230

Fes and Fyaw between emulsion and charged CNT layer can be calculated based on the
previous study to determine the repulsive and attractive regions in nanometer size:!'!®

Where Fes was calculated from the derivative of the free energy function at a separation

distance. As described by:

F—zfr Ll 1 (r)2 O ratalt (T)z d
es—no S| xta—a " Sc| X tata " rdr

®)

Whereas F free energy was calculated based on ion concentrations within the separation

F(c) = JT —kTNaJ <ch_ogx) — 1) dxdc ©
0 0

C
F = F(c) — F(Coo) 1o
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A Modified Poisson-Boltzmann equation was used to calculate the ion concentration

distributions away from the charged surface:

d2y 1 eNgXizic;”exp (— €¢(x)) (11)
dx? 1+Zl mozx[exp( Zi’i#)_l]

o A
o) = ¢ exp (= —p 1)
i ) 12
145 e fexp (- Z220) g

Fyaw 1s expressed as a function of Hamarker constant A, and the ratio z between

separation distance and particle diameter. A value used here is from the reference.?!

A2 1 2 1

Fogw = -
vdw 6d(z z2 z+1 (Z+1)2)

Electrophoretic force, Fep, for a particle in an electrical field can be described by:

(13)

F,, = 3mdnAuE (14)

Where d, 1, 4, 1, and E are representing droplet diameter (2.2 um), dynamic viscosity
(103 Pa.S), concentration correction coefficient, electrophoretic mobility (zeta
potential*80*8.85*10e-12 F/m/10~ Pa.S), and electric field. The calculated F,,, is in an
order of 103-102 nN, which is significantly smaller than the electrostatic force calculated
by modified Poisson-Boltzmann equation.

Dielectrophoretic force, Faep, for a particle in a non-uniform electrical field can be
described by:

Faep = 2mege, v3Re[K (w)]VE? (1)
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Where &, &,, 1, Re[K (w)], and VE? are vacuum permittivity (8.85e-12 F/m), medium
permittivity (80), particle radius (1.1 pum), the real part of Clausius-Mossotti factor (less
than 1), and the gradient electric field strength squared (1.97e¢8 V?/m?). The calculated Fye,,
has a negligible value of less than 10 nN.

Other parameters that were not considered are the surfactant layer between membrane
and oil emulsion which could behave as the steric hindrance barrier preventing membrane

wetting.

Table S3: Ion parameters for electrostatic force calculation. Hydrated ion sizes are found

in the references.?3%233

Conditions Ton Concentration/mM Valence Radii/nm
Na+ 0.3 1 0.45
DI water
SDB- 0.3 -1 1.2
Na+ 100.3 1 0.45
100 mM NacCl SDB- 0.3 -1 6.7
Cl- 100 -1 0.45
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Figure 3.S5: Overall force curves between charged membrane surface and emulsions in DI
water at (a) 10 LMH, (b) 20 LMH, and (c¢) 30 LMH; in 100 mM NaCl at (d) 10 LMH, (e) 20
LMH, and (f) 30 LMH. Potentials in legend are VS Ag/AgCl reference.
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SI 7 Emulsion near membrane surface interfacial tension y,,,
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Figure 3.S6: Correlation between emulsion contact angle and interfacial tension
near membrane surface using Equation S17.

Young’s equation is widely-used to determine the contact angle of an oil drop on a

surface (Equation S16);%** it has been modified to describe changes in the contact angle of
emulsions under applied electrical potentials (Equation S17).233236
Ysw — Vso
cos = ——— (16)
Yow
€0&r 172
Vsw — e Ve — Vso (17)
cos@(V) =
Yow
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Here, 6 is the oil-membrane contact angle; ys,,, Vsoand ¥,,, represent near-membrane
interfacial tensions between solid-water, solid-oil and oil-water, respectively; &, and &,
denote vacuum permittivity (8.85 x 10712 F/m) and relative permittivity of the film (80); e
is the thickness of the charged material (2 um in our membrane), and V is the applied
electrical potential (5 V). In general, it is assumed that y,,and y,,, are constant under
different electrical potentials. However, we observed a significant change in emulsion
curvature when the membrane was polarized that resulted in different y,,, values. More
importantly, it is possible that y,,, at the membrane/oil interface is quite different from y,,,
at the oil/water interface because of the change in surfactant distribution. To calculate y,,,
near the membrane surface, a correlation between 8 and y,,, is plotted in Figure S6 using
Equation S17. Here, we assume that the overall concentration of surfactants at the interface
is constant. Lower surfactant concentration corresponds to higher interfacial tension. As
shown in Figure 3d and 3f, contact angles of emulsion on membrane under cathodic and
anodic conditions are 124.3° and 155.7° degrees, respectively. By correlating these values
to Y,w, the near-membrane y,,,,was determined to be 2.41 and 1.49 mN/m under cathodic

and anodic conditions, respectively (Figure S6).
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SI 8 Emulsion coalescence event

tdrai 1
1= exp( __ ldrainage (18)
contact
. nufz 1 1
drainage =~ 3\~
s Ry R (19)
r

_n pcCymd® 1/2 (20)
tecontact = Z (3—)

A~exp(—Cy™) 1)

Equation S18 is used to describe film drainage model, which correlates coalescence
frequency to two time events tg,ginage and teontace-> tarainage is described by Equation
S19 for drainage between two interfaces that are partially mobile and deformable.?>* Where
i, f, v, hy and h; represent dynamic viscosity of oil (1 = 3 mPa.s),>*” compressing force
(f = 10'' nN, from permeate drag at 10 nm distance), interfacial tension (shown in Figure
5a-c), and final and initial film thickness (hf = 10® and hi = 10* m).>*® t.onrace 1S
determined by the density of continuous phase p.(1 g/ml), the virtual mass coefficient Cyp,

(0.8),2° d (2.2 um) and y.2** By combining equation S18, S19 and S20, equation S21 is

obtained. It shows a positive correlation between y and A.

Table S4: Emulsion coalescence probability under different electrical potentials.

Potential 0 2.5 Ve 5 Ve 2.5 Vac

A 0.19 +£0.04 0.04 £0.02 0.02+0.01 0.38 +£0.02
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SI 9 Membrane surface wetting
To calculate the compressive force F for emulsions in contact with membranes, we
simply used the pressure drop across the fouling layer on membrane surface:
Fy, = ApS (22)
With Ap being the pressure increase in the linear region in Figure 2. S is the membrane

and emulsion contact region, which can be expressed as:!%’
S = 2 (23)

L 3Va
Tac = sin(9) (n((l — cos(6))2(2 + cos(H))) -

With 7,4, being the radius of the oil drop and membrane contact region. V; is the

Wl

volume of oil droplet.

The force F,,, required to wet the membrane can be determined using adhesion force

fw: E _ d fuw(90°) dfw(6)
wr drgc N argc
(25)
A] 26
fu = TTac”y [<Zsm(9) ) 20
= cos(® 27)
1+ cos(0) cos(9)
To determine if membrane is wetted or not, AF is expressed as:
(28)

AF = Fy, — R,
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Table S5: Compressive force caused by cake layer formation in 100 mM NaCl under
different conditions. Values were calculated based on the averaged pressure increase in

first 2 hr. Emulsion average size was used for calculation.

Ap (psi)
Flux (LMH)
0 V 2.5 Vdc 5 Vdc 2.5 Vac
10 3 2 1 3
20 22 4 2 -
30 - 11 11 -
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SI 10 Critical pressure for droplets entering membrane pores

1/3
cos(180 — 0) 2+ 3cos(180 — 8) — cos3(180 — 6)
Periticar = y‘l"— x3y1-— T 3 (29)
pore 4 (M) cos3(180 — 0) — (2 — 3sin (180 — ) + sin3(180 — 9))
pore

For emulsions in 100 mM NaCl, the required pressure for droplets penetrate through this

membrane is around 554 psi, which is significantly higher than our operating range.'¢
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SI 11 Previous studies of using membranes treating oily wastewater

Table S6: Previous studies of using membranes treating oily wastewater

Oily Oil Operating
Membrane Rejection

wastewater Concentration  flux Reference
type %

source (ppm) (LMH)

Industrial oily
Polysulfone 78 50-100 61.3-61.8 Salahi et al.®

wastewater
Polyacrylonitr ~ Industrial oily

78 100-250 59.7-70.6 Salahi et al.®

ile wastewater

Synthetic

Wandera et
Cellulose produced 5000 100-5000 94.0-97.5
1241

water

Plam oil mill
Polysulfone 70900 4-10 46.9 Wu et al.?*?

effluent
Modified Gobhari et

Crude oil 100-1000 200-500 92-100
polysulfone al.2#
Modified

Industrial oily
polyethersulf 81 30-200 99.7 Salahi et al.>*

wastewater
one
Polyethersulf  Synthetic oily

5000 10-30 96.1-99.5 This work

one wastewater
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SI 12 Energy and cost analysis

The additional energy requirement imposed by the application of an external electrical
potential to the membrane surface was determined by measuring the electrical current as a
function of the applied potential, and using this information together with the measured
flux (30 LMH) to calculate the extra energy needed to generate a m? of treated water. The
additional energy consumption for 2.5 V and 5 V at 100 mM NaCl was 0.08 and 0.42
kWh/m?, respectively; in 0 mM NaCl, the energy consumption was 0.008 and 0.10 kWh/m?
for 2.5 V and 5 V, respectively. This additional energy translates to an additional cost of
$0.01/m? and $0.06/m? at 2.5V and 5V in 100 mM NaCl, respectively, and $0.001/m? and
$0.02/m? at 2.5V and 5V in 0 mM NaCl, respectively. This calculation assumed an energy
cost of $0.15/kWh (Los Angeles 2018). Operating the membrane at higher flux reduces the

energy consumption per m?.

The extra capital expenses associated with electrically conducting membranes come (at
least partially) from the additional cost of CNTs. Based on a CNT cost of $10.00/g, the

additional cost of the CNTs was determined to be $9.38/m?.
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Chapter 4. Tuning Salt Selectivity of Nanofiltration Membranes
Using Carbon Nanotubes Embedded Polyamide

Membranes
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Abstract

This research focused on the fabrication and characterization of electrically conductive
polyamide (PA) based nanofiltration membranes embedded with the networks constructed
by multi-walled carbon nanotubes (MWCNT) or single/double-walled carbon nanotubes
(S/DWCNT). The membrane’s characteristics including electrical conductivity,
capacitance, chemical composition and surface morphology were examined. In addition,
membrane’s performance when treating single salt solution of NaCl, MgClz, Na;SOs, and
MgSOs, as well as mixed solution of NaCl and MgSO4 were carefully monitored. Dynamic
changes of ion selectivity and water flux for both membranes were observed under different
electrical potentials. The application of high negative charges reduced water permeance for
both membranes. However, membrane’s ion selectivity was tuned in a dramatic different
way. MWCNT-PA membrane showed enhanced selectivity towards Na® and Cl-, reduced
rejection for Mg?" and no change for SOs*. In contrast, S/DWCNT-PA membrane
exhibited decreased rejection for Na*, Cl,, and Mg?", but slightly increased rejection for
SO4*. Microscopic analysis revealed distinctive differences of PA and CNT films between
two membranes. MWCNT-PA showed a clear and thick PA film that was formed on top
of the MWCNT film. A less crosslinked PA film in S/DWCNT-PA membrane was
embedded into the S/DWCNT network. The distinctive structure difference between two

CNT-PA films were thought as the main cause of resulted difference.
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4.1 Introduction

Nanofiltration (NF) utilizes semipermeable membranes to offer versatile treatments
including water softening, heavy metal removal, and natural organic matter removal (or
valuable organic compounds concentration).”->¥¢24% Thus it has been widely used for water
reuse, food processing, and organic solvent separation applications.**#!*> NF membranes
are advantageous in providing more diverse selectivity toward salt ions and small organic
compounds (dyes, sugars, proteins) compared to reverse osmosis (RO) and ultrafiltration
(UF) membranes.® As their pore diameters were reported in the range of 0.8 to 2.0 nm,*-
48 or the molecular weight cutoff (MWCO) were reported from 150 to 2000 Da,*> which is
in between RO and UF membranes. For example, commercially available NF membranes
exhibit a wide range of rejections toward salt species: The divalent salt MgSOys is generally
well rejected (>90%), while the rejection of NaCl varies from 10% to 95%.4* Therefore,
NF brings a better solution for a more comprehensive and selective separation of
substances within the size of nanometer range.

The selective ion transport through NF membranes is governed by a combination of
different transport mechanisms. The dominant transport mechanisms are size and charge
based separations.’® Namely, nanometer range pores create steric hindrance for rejecting
large substances, and the electrical charges along the membrane surface and the pore walls
allow a better separation due to the electrostatic interactions and charge neutrality
conditions (Donnan Exclusion). In addition to these mechanisms, dielectric exclusion is
proposed to account for the interaction between the ion and its induced charges on the

surface of the transport channels.’! A more detailed mechanism is applied to account for
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ion dehydration phenomena that resulted in different selectivity of monovalent ions which
share similar charges and hydrated sizes in the transport process.’*?** However, large
knowledge gaps of ion transport in nanopores still need to be filled.®* Luo et al. summarized
the pH effects on salt rejections: polyamide (PA) NF membranes demonstrate V-shape
rejection curves for symmetric electrolytes (NaCl, KCI) and S-shape rejection curves for
asymmetric salts (NaxSO4, MgCly) under different pHs, which correlate well with the
Donnan exclusion.’?>** To understand different rejections of PA-NF membranes toward
monovalent anions, Richards et al. used solute flux at different temperatures to quantify
energy barriers of ion transport through NF membranes (Arrhenius equation), and linked
energy barriers to ion hydration/dehydration phenomena.>* Epsztein et al. further examined
the ionic charge densities of these anions, and concluded that ions with higher ionic charge
densities (higher hydration strength) are more affected by the Donnan exclusion
mechanism.>> All these fundamental studies provide guidelines for designing and
fabricating novel NF membranes with higher charge densities.

Incorporating engineered nanomaterials into thin film nanocomposite (TFN) membranes
are effective at modifying the active layer structure and the surface chemistry, thus
improving membrane performance including permeability, selectivity, and antifouling
properties. For example, Lee et al. immobilized silver nanoparticles on PA films to prevent
the biofouling.”” Rajaeian et al. fabricated TiO> based TFN membranes to alter the
permeate flux and rejection.’® Apart from these metal nanoparticles, carbon-based
nanomaterials such as graphene oxide (GO) and carbon nanotubes (CNT) are drawing great

attentions due to their great mechanical stability, antifouling property, and specific

125



molecular structure, which in turn contribute to superior permeability and selectivity.””~"”°

CNT intercalated GO membranes were shown to be effective at separating salt ions under
low ionic strengths.?° In particular, the excellent electrical conductivity of carbon materials
made them possible for electrically adjusting the membrane surface charges. Hu et al.
synthesized electrically conductive reduced GO-CNT membranes and tested their
desalination performance at 50 mM feed concentration. The application of both + 1V cell
potentials dramatically improved rejection of NaCl (25% to 65%), Na>SO4 (30% to 65%),
and CaCl; (55% to 70%), comparing to no addition of electrical potentials. However, the
membranes were limited to low permeate fluxes (0.2-0.3 Lm?h 'bar"!, LMH/bar).}! Zhang
et al. constructed conductive polyaniline-polystyrenesulfonate CNT membranes, which
achieved high permeate fluxes of ~15 LMH/bar when treating 5 mM NaCl and Na>SOg4
solutions. Rejections were also enhanced at negative 2.5V cell potentials (82% to 93% for
NaxSO4; 54% to 82% for NaCl). Therefore, electrically conductive NF membranes are of
great potentials, because their tunable surface charges provide smart control of salt
rejections.

This study aims at fabricating and testing CNT-PA membranes for selective separation of
different ion species under electrical potentials. In particular, single/double-walled CNT
PA (S/DWCNT-PA) and multi-walled CNT (MWCNT-PA) membranes were fabricated
and characterized. Their rejection performances of single salt solutions including NaCl,
NaxS04, MgCla, and MgSOs, as well as the mixed salt solution of NaCl and MgSO4 were

evaluated under different electrical potentials.
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4.2 Materials and Methods

4.2.1 Chemicals

MWCNT (99wt%, outer diameter of 13-18 nm, tube length of 3-30 pm, COOH content of
7.0%), and S/DWCNT (99wt%, SW/DW is around 50/50, outer diameter of 1-4 nm, tube
length of 3-30 um) were purchased from Cheaptubes and used as received. Surfactants
including dodecylbenzenesulfonate sodium salt (DDBS, technical grade, Sigma Aldrich)
and sodium dodecyl sulfate (SDS, Acros Organics, 99+%) were purchased and used as
received. Salts including NaCl (99%, Certified ACS), MgCl>-6H20 (99%, Certified ACS),
NaxS04 (99%, Certified ACS), and MgSO4-7H>0 (98%, Certified ACS, Fisher Scientific)
were purchased and used as received. Chemicals for forming the PA film including
piperazine anhydrous (PIP, 99%, Alfa Aesar) and 1,3,5-benzenetricarbonyl chloride
(TMC, 98%, Alfa Aesar) were used as received.

4.2.2 Membrane fabrication

Two types of CNT suspensions were prepared and used to make CNT membranes.
MWCNTs (1g/1) were dispersed in DI water using DDBS (10 g/I), and S/DWCNTs (0.1
g/l) were dispersed in DI water using SDS (10 g/I). Both solutions were sonicated using a
horn sonicator (450 Digital Sonifier, Branson) for 30 minutes followed by centrifugation
to remove impurities (Avanti J-E Centrifuge, Beckman Coulter, MWCNTs at 11000 rcf,
SWCNTs/DWCNTs at 13000 rcf).

To fabricate CNT-PA membranes, CNT films with ideal thicknesses were formed on PS-
35 ultrafiltration membrane support (Solecta Inc., Oceanside, CA) by pressure depositing

a proper amount of CNT suspensions. The formed CNT films were further washed with DI
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water to remove the excess surfactants. To form the PA film, CNT coated membranes were
soaked in 2% PIP for 2 minutes, followed by using a plastic roller to remove excess amount
of PIP solution. Then membranes were immersed in hexane with 0.15% TMC for 1 minute
and cured in an oven at 80 degrees for 5 minutes. At last, cured membranes were soaked

in DI water and stored at 4 degrees prior to using.3>!

4.2.3 Membrane filtration process

Membranes were tested in a previously reported filtration system.!®: 23171172 [n brief,
membranes were placed in a custom-built membrane module that has a fluid channel of 10
cm x 4 cm x 3.8 mm (length x width x height). Electrical potentials (cell potential) were
applied to the membrane surface and the Titanium (Ti) counter electrode with a separation
distance of 3.8 mm using an arbitrary waveform generator (DG1022, Rigol). Membranes
were used as the cathode to prevent electro-oxidation. Feed solutions were circulated at a
speed of 1.6 L/min using a diaphragm pump (Hydra-Cell, MN), which translates into a
crossflow velocity of 18 cm/s. Prior to testing, membranes were compressed at 150 psi for
at least 12 h with DI water. Then the system was operated in the constant pressure mode at
150 psi. Five feed solutions including NaCl, MgCl,, Na;SO4, MgSO4, and mixture of NaCl
and MgSO4 were tested at the same ionic strength of 34.2 mM (equivalent to 2000 ppm
NaCl, for mixed salt, both NaCl and MgSO4 were at the same ionic strength of 17.1 mM).
Electrical potentials (cell potential) were applied in a sequence of 0V, 2V, 1.5V, 1V, 0.5V,
0V, 2V, and 0V. Feed and permeate samples were collected in every 30 minutes with
respect to electrical potentials. The properties of the feed and permeate solutions were

tested using pH and conductivity probes (Orion, Thermo Scientific). For single salt
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solutions, membrane rejections were calculated based on the electrical conductivity of the
feed and permeate solutions (Equation 1,2). In particular, to differentiate the rejection
change caused by the increase of pH in the permeate, cation rejection (R.) was reported to
represent the observed rejection and was directly calculated based on the ratio of the
electrical conductivity of the feed (Cr) and permeate (C,) solutions (Equation 1). Anion
rejection (Ra) was calculated based on the corrected electrical conductivity of the permeate,
which was subtracted by the electrical conductivity of NaOH or Mg(OH); solutions at the
same pH (Cyop), as shown in Equation 2. R, and R, were different only when the pH of
the permeate was high. For the mixed salt solution, anion concentrations were analyzed by
ion chromatography (IC, Dionex, Thermo Scientific) and the corresponding cation
concentrations were characterized by inductively coupled plasma optical emission

spectrometry (ICP-OES, ICPE-9000, Shimadzu).

C
R, =100% x (1 —-2 (1)
¢,
Ry = 100% x (1 — ”C—M"”) )
f

4.2.4 Membrane characterization

Membrane’s electrical conductivity was characterized by a 4-point conductivity probe
(MCP-T610, Mitsubishi). Its corresponding capacitance was evaluated using cyclic
voltammetry curves (CV, CH Instruments, Austin, TX), where Titanium (Ti) plate and
Ag/AgCl electrode were used as counter and reference electrode. The CV curve was
obtained in 34.2 mM NaCl solution with a scan rate (S) of 0.05 V/s, and the capacitance
(C) is calculated based on Equation 3, where I, and I represent anodic and cathodic

currents at the open circuit potential.
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Ia - Ic
28
Membrane’s real surface potentials versus reference electrode Ag/AgCl under applied DC

3)

potentials were investigated using the open circuit potentials.!?* In brief, CNT membranes,
Ti counter plate, and Ag/AgCl electrode were immersed in 34.2 mM NaCl solution and
connected as working, counter, and reference electrode to the electrochemical analyzer,
and DC potentials were directly applied to the membrane surface and Ti plate using the
arbitrary waveform generator. Membrane surface potentials were measured over time using
the open circuit potential technique.

The chemical compositions of the membrane’s surface were characterized using X-ray
photoelectron spectroscopy (XPS, Kratos Axis Ultra DLD spectrometer equipped with a
monochromatic Al Ko X-ray source). Membrane’s surface functional groups were
analyzed using Fourier transform infrared spectroscopy in attenuated total reflectance
mode (ATR-FTIR, Thermo Scientific, FTIR iS10 Smart iTR Basic). In these
measurements, at least 3 pieces of samples were analyzed to confirm the results.
Membrane surface morphology was characterized using atomic force microscopy (AFM,
Bruker Fastscan, CA) and scanning electron microscopy (SEM, Zeiss Supra 40VP,
Germany). Additional cross-sectional SEM images were taken to further characterize the

film structure.
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4.3 Results and Discussions
4.3.1 Membrane characterization

4.3.1.1 Characterization of membrane’s electrical properties

The electrical properties of both MWCNT and S/DWCNT membranes were evaluated and
reported in Table 4.1. Membranes with different thicknesses were fabricated based on the
volume of CNT suspension used. For MWCNT membranes, as the membrane thickness
increased from 1 to 2 and 4 pm, membrane sheet resistance reduced from 164 + 13 to 95 +
8 and 39 + 4 Q/sq for 10 MWCNT, 20 MWCNT, and 40 MWCNT, respectively. A similar
trend was also observed for more conductive S/DWCNT membranes, an increased
thickness from 0.25 to 0.5 and 1 pum resulted in a decreased sheet resistance from 21 + 1 to
12 £ 1 and 6 + 1 Q/sq, respectively. The electrical conductivity of CNT films is reported
to scale linearly with the density of tube to tube junctions in the network. Such a correlation
can be mathematically explained by the Equation (4), where the electrical conductivity
(opc) 1s equal to the inverse of the product of sheet resistance (R;) and film thickness (h),
and proportional to a K factor that is dependent on the tube length, the mean junction
resistance (R;), film fill factor (V), and the mean diameter (D).>**°° A higher density of
network junctions in S/DWCNT films indicate a much higher conductivity (lower Ry). In
addition to the junction density, the R; between CNTs in S/WCNT films are expected to be
much lower than in MWCNT films due to the smaller tube diameters.?*® Therefore,

S/WCNT membranes are superior in terms of electrical conductivities.
1 K V¢

- = 4
O-DC Rs*h R]D3 ()
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Membrane’s capacity of storing ions was investigated using cyclic voltammetry curves. A
linear increase of capacitance versus membrane thickness was observed. The capacitance
of MWCNT membranes at different thicknesses was substantially enhanced from 637 +
159 pF (for 1 pm) to 1361 £ 155 pF (for 2 um), and 2800 + 590 pF (for 4 um). At the same
thickness, S'/DWCNT membranes had much higher capacitance compared to MWCNT
membranes. A 0.25 um thick membrane contributed to a capacitance of 712 + 51 pF, and
0.5 and 1 pm thick membranes could further increase capacitance to 934 + 74 and 2277 +
203 pF. The higher electrical conductivity and surface area enable S/DWCNT membranes
a better ion storage capacity than MWCNT membranes.?!

Membrane’s surface charge is of great importance for ion separations, which in turn can
be determined from the membrane capacitance under electrical potentials. To explore the
impact of CNT films on ion separations, 10 MWCNT and 20 S/WCNT membranes were
selected and used as substrates for PA film formation. The fabricated NF membranes were
further tested in the filtration process due to their similar capacitances (637 = 159 and 712

+ 51 pF, respectively).

Table 4.1: CNT membrane electrical properties

20 35 75

Membrane types 10 MWCNT 20 MWCNT 40 MWCNT SDWCNT S/DWCNT  S/DWCNT

Thickness (pm) 1 2 4 0.25 0.5 1

Sheet resistance

(Qisq) 164 + 13 95+£8 39+4 21+1 12+1 6+1

Capacitance (UF) 637 £ 159 1361 £155  2800+590  712+51 934+74 2277 +203
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4.3.1.2 Characterization of membrane’s surface properties
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Figure 4.1: Membrane surface properties study using a) CV scans to determine possible
chemical reactions; b) XPS analysis to quantify the surface chemical compositions; ¢) ATR-
FTIR analysis to distinguish surface functional groups.

CV curves were used to determine the possible electrochemical reactions happening under
applied negative potentials (Figure 4.1a). A dramatic increase of current density was
observed when electrical potentials were increased from -0.3V to -0.8V, which indicated
the occurrence of water splitting reaction. Open circuit potential measurements showed
that surface potentials (versus Ag/AgCl electrode) of MWCNT membranes were at 0.53 +
0.03V and -0.26 + 0.01V, corresponding to 2V and 1.5V DC potentials. In contrast,
S/DWCNT membranes showed surface potentials of -0.48 + 0.02V and -0.25 + 0.01V
respectively. It is therefore confirmed that the application of 2V was able to drive water
splitting reaction for both membranes due to increased current density (Figure 4.1a), while
unnoticeable current density at 1.5V implied negligible water splitting reactions.

Membrane’s surface chemistry was analyzed using XPS, and the atomic percentages of
nitrogen, oxygen, and the nitrogen over oxygen ratios (N/O) were reported in Figure 4.1b.
Plain PA and MWCNT-PA membranes exhibited similar nitrogen and oxygen percentages

of around 11% and 13%, which translates into the N/O of 0.8. However, SSDWCNT-PA
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membranes had less nitrogen and oxygen percentage of 5% and 7%, and its N/O ratio is
only around 0.6. This observation implies less crosslinking degree of PA film in
S/DWCNT-PA membranes than MWCNT-PA and plain PA membranes, thus leaving
more free pendant carboxylic acid groups in the PA film.?*? In addition to XPS, FTIR was
used to investigate more detailed surface functional groups on the membrane surface
(Figure 4.1c). The same peak was observed at 1630 cm™ for PA, MWCNT-PA, and
S/DWCNT-PA membranes. This peak was assigned to the amide I band in a secondary
amide group that includes the C=O stretching, C-N stretching, and C-C-N deformation

vibration.?3

Other different peaks shown in these PA membranes from 1000 to 1250 cm’!
and at 1587 cm™' were associated with functional groups from PS-35 UF support. No

significant difference of surface functional groups was found using FTIR analysis.

T
g X f

) ) nm
S/DWCNT

) 500 nm L 5 e) 500 nm
S/IDWCNT & ¥\ >y y P S/DWCNT

Figure 4.2: The comparison of membrane surface morphologies between MWCNT and
S/DWCNT based membranes. a) and d) are the top view of pristine MWCNT and S/DWCNT
membranes; b) and e) are the top view of MWCNT-PA and S/DWCMT PA membranes; c) and
f) are the cross-sectional view of MWCNT-PA and S/DWCMT PA membranes.
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4.3.2 Membrane morphology

Membrane’s morphology was characterized using top view and cross-sectional view SEM
images and illustrated in Figure 4.2. Figure 4.2a, 4.2d represent the surface of MWCNT
and S/DWCNT membranes before interfacial polymerization. A denser film of S/DWCNT
was formed compared to MWCNT film. The image analysis (ImageJ) of the membrane
surface porosity showed that MWCNT film had a surface porosity of around 59% and an
average pore diameter of 90 nm, while S/DWCNT membrane surface only has 35%
porosity and its pore diameter is only about 47 nm. The smaller diameters of S/DWCNTs
contributed to a more densely packed CNTs in the film and thus resulting in a smaller
porosity compared to the MWCNT film. After the interfacial polymerization of PIP and
TMC, the top view of MWCNT-PA and S/DWCNT-PA membranes were taken and shown
in Figure 4.2b, 4.2e. MWCNT-PA membrane exhibited a rough surface which was

commonly seen as the PIP based PA surface.?>* S/DWCNT-PA membrane was porous and

131 nm

W0 63nm
a) MWCNT-PA RMS 15.0 nm 2pym X 2 ym b) SIDWCNT-PA RMS 8.7 nm 2uym X2 ym

Figure 4.3: AFM topography images of a) MWCNT-PA membrane and b) S/DWCNT-PA membrane
at a scan size of 2 um x 2 pm.
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similar to plain S/DWCNT membrane. However, its good salt rejection performance may
indicate a PA film was formed within the membrane (shown in the next section). A more
detailed analysis to identify different layers was studied using cross-sectional images.
Figure 4.2c represented the cross-section of the MWCNT-PA membrane, where roughly a
thickness of 200 nm PA layer was formed on top of the 1000 nm MWCNT layer. In contrast
to MWCNT-PA membrane, no clear PA layer was observed in the S/DWCNT-PA
membrane (Figure 4.2f), and the thickness of S/DWCNT film was approximately 200 nm.
The height information of the membrane surface and the surface roughness calculated as
root mean squared (RMS) were investigated and reported in Figure 4.3. The MWCNT-PA
membrane showed a surface pattern that contains circular bumpers (Figure 4.3a), which is
corresponding well with the SEM images in Figure 4.2b, and these circular bumpers result
in an RMS value of 15.0 nm. S/DWCNT-PA showed a clear CNT network with some
circular bumpers, and smaller surface roughness of 8.7 nm was observed. Such circular

bumpers revealed the probable formation of PA within the CNT film pores.
4.3.3 Selective ion separation under electrical potentials

4.3.3.1 Single salt rejection

The ion separation performance of MWCNT-PA and S/DWCNT-PA membrane under
electrical potentials and its corresponding pH were summarized in Figure 4.4 and Figure
S1. Four types of single salt including NaCl, MgCl,, NaxSO4 and MgSQO4 were used as the
feed solution to evaluate membrane’s rejection and flux. In all cases, no clear changes of
membrane flux and rejection were made under electrical potentials at 0V, 0.5V and 1V.

Moreover, high potentials have a similar impact on membrane permeate flux, as negative
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1.5V and 2V potentials reduced all permeate fluxes comparing to their fluxes under no
electrical potentials. However, these high potentials tuned salt rejections of MWCNT-PA
and S/DWCNT-PA membranes in a dramatically different way. When NaCl solution was
tested, MWCNT-PA membrane exhibited an initial rejection of around 32%. The
application of electrical potentials dramatically enhanced its rejection to 43% at 1.5V, and
54% at 2V (Figure 4.4a). An opposite trend of rejection change was observed for
S/DWCNT-PA membranes. As a significant drop of NaCl rejection from 47% (at 0V) to
31% and 21% was made under 2V and 1.5V (Figure 4.4d). When membranes were tested
with MgCl, solution, the rejections of both membranes were reduced at high electrical
potentials. With increased electrical potentials from 0V to 1.5V and 2V, the rejection of
MWCNT-PA membrane decreased from 89% to 73% and 57% (Figure 4.4b). Similarly,
S/DWCNT-PA membrane had a reduced rejection from 92% to 80% and 36% (Figure
4.4f). For NaxSOg4 solution, the rejection of MWCNT-PA membrane remained constant
around 92% under these potentials, expect a small drop of rejection to 88% at 2V, which
was due to the water electrolysis that resulted in the higher concentration of hydroxide ions
in the permeate. This hypothesis is proved by the high pH of the permeate under 2V (Figure
S1). In addition, membrane’s anion rejection (SO4>) at negative 2V potential remained
same (92%) compared to its cation rejections at other electrical potentials. Therefore, we
concluded that unnoticeable change of rejection was made at these potentials. S/DWCNT-
PA membrane had a much lower initial rejection of around 55%, which was enhanced to
91% and 93% at 1.5V and 2V. The pH corrected anion rejection even reached 98%. In the

case of MgSO4 solution, MWCNT-PA membrane showed a similar trend of rejection
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Rejection (%)

Rejection (%)

change compared to Na;SOs solution, where the rejections of both cation and anion were
around 91%, only except the cation rejection at 2V dropped to 85% due to the increase of
hydroxide ion concentration. On the other hand, the electrical potentials increased the
rejection of S/DWCNT-PA membrane from 91% (0V) to 96% (1.5V) and 93% (2V), and

the calculated anion rejection went further up to 97% at 2V.

4.3.3.2 Mixed salt rejection
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Figure 4.4: Membrane flux and rejection evaluation under electrical potentials. The rejection
(black square for cation, and black diamond for anion, left y axis) and flux (blue circle, right y axis) of
MWCNT-PA (a-d) and S/WNT-PA (e-h) when treating NaCl, MgCl,, Na,SO4 and MgSOy solutions at
different electrical potentials. Cell potentials ranging from 0-2V were applied repeatedly to the
membrane surface and the counter electrode and reported in x axis. Membranes are used as cathode.
Anion rejection was only reported at 2V due to its high pHs.

Mixed salt of NaCl and MgSOs solution was prepared and used to evaluate membrane’s
performance (Figure 4.5, Table 2). Figure 4.5a, 4.5b represented the ion rejections under
different electrical potentials when using MWCNT-PA membrane and S/DWCNT-PA
membrane, respectively, and detailed rejection was summarized in Table 4.2. Interestingly,
the rejection of Na* increased from 28% to 45 % under 2V, and then gradually decreased
to 32% when potentials dropped to 0.5V for MWCNT-PA membrane. However,

S/DWCNT-PA membrane exhibited a higher initial rejection of 43% (at OV). high
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potentials of 2V and 1.5V both substantially dropped its rejection to around 33%, and lower
potentials of 1V and 0.5V recovered the rejection back to 44%-46%. Similarly, the
rejection of Cl” was increased from 35% (0V) to 45% (2V) and dropped to 36%-40% at
1.5V, 1V, and 0.5V for MWCNT-PA membrane. While S/DWCNT-PA membrane had a
dramatic drop of CI" rejection from 49% (0V) to 20% (2V), and gradually recovered back
to 27% (1.5V) and 48% (1V and 0.5V). For divalent Mg>" ions, both membranes
experienced a similar rejection decline under 2V and 1.5V. The rejections dropped from
initial rejection of 91% to 81% and 83% for MWCNT-PA membrane, and 93% to 65% and
84%, respectively. The increased surface potentials contributed a much less impact on the
rejection of SO4%, as MWCNT-PA membrane showed consistent rejections around 91-
92%, and S/DWCNT-PA membrane showed a slightly higher rejection from 83% (0V,
0.5V,1V) to 95-96% (1.5V and 2V).

The addition of high electrical potentials on the membrane surface created extra surface
charges on the membrane surface, thus enhanced the charge-based separation. However,
the dramatic difference of rejections towards Na" and CI' for MWCNT-PA and S/DWCNT-
PA membranes are quite surprising. MWCNT-PA membrane behaved just like a regular
PA membrane, where higher surface charges enhanced its rejection for NaCl (through pH
adjustment). While S/DWCNT-PA membrane was abnormal, the enhancement of surface
charges, in turn, caused a less effective separation of NaCl, but an increased rejection for

SO4*. The transport mechanism is still unclear to us, we speculate that this is determined
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Figure 4.5: Mixed salt rejection towards specific ions including Na* (black square), Mg (red circle),
SO4* (blue triangle), CI" (inversed triangle) of a) MWCNT-PA and b) S/DWCNT-PA membranes. The
feed solution was tested at pH 5.8.

by the intrinsic properties of the membrane film structure. Porous CNT network in SWC
NT-PA membrane provides ionic channels with tunable surface charges. Thus, facilitates
NaCl passage through the film. However, molecular simulations of ion transport in
S/DWCNT networks may be required to have a better understanding of observed

phenomena.
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Table 4.2: Ion separation performance of mixed salt at different electrical potentials

Membrane Potential Na* CI- Mg SO4*
ov 28+ 4 35+4 91 £0 9l +1
MWCNT-
2V 45 £ 1 45 + 1 81 £3 92+ 0
PA
1.5V 37+ 3 36 £2 83 £1 92+ 0
ov 43 + 2 49 £ 1 93 £0 83+0
S/DWCNT-
2V 33+£2 20£2 65+ 1 96 £ 0
PA
1.5V 33+£2 27+ 1 84 + 1 95+ 0
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Figure 4.6: Membrane flux and rejection evaluation under different pHs. The rejection and
flux (black square and blue circle) of MWCNT-PA and S/DWCNT membranes when treating
NaCl and MgCl, solutions at elevated pHs (a, b, d, e). Their rejection and flux at electrical
potentials from 0-2V were presented as references. Plain PA membrane’s rejection and flux for
NaCl and MgCl, solutions (¢, f) at pHs from 5-10.
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4.3.3.3 The evaluation of pH impact on single salt rejection

The ion separation is mainly governed by a combined membrane pore size and surface
charges. The increase of surface potentials through direct charging and local pH
enhancement at the membrane water interface allowed higher electrostatic interactions
between the membrane surface and ion species. To better understand the observed
phenomena, MWCNT-PA and S/DWCNT-PA membranes were tested under different
pHs, as well as plain PA membranes that were fabricated with the same approach (Figure
4.6). As expected, in regard to NaCl solution, MWCNT-PA membranes had increased ion
rejection (Figure 4.6a), while S/DWCNT-PA membranes showed lower rejection when the
pH increased to 9 (Figure 4.6b). Furthermore, the rejections of MgCl, solution were
reduced for both membranes as the pH went up to 9 (Figure 4.6d, 4.6¢). Plain PA
membranes were tested as the reference that the increase of pH (from 6 to 10) resulted in
an enhanced rejection of NaCl and a drop of MgCl» rejection, which exhibited a similar
trend to MWCNT-PA membranes. The distinctive rejection of SWCNT-PA membranes
toward NaCl solution under different pH and electrical potentials was probably due to the
intrinsic properties of its film structure.

4.4 Conclusions

This work has presented the successful fabrication of electrically conductive NF
membranes by incorporating MWCNT and S/DWCNT into PA film. The ion selectivity of
both membranes was evaluated using single and mixed salt solutions. Two types of CNT
networks tuned membrane’s ion selectivity in dramatic different ways under electrical

potentials. The two distinctive PA-CNT film structure is probably the main cause of the
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resulted difference. However, it is still not clear how does the film structure change
membrane’s ion selection under different charges.
The use of this novel NF membranes allows a more powerful and dynamic control of ion
selectivity. In addition, it addresses the low ionic strength limitation and still performs well
at a relatively high ionic strength. Therefore, these membranes can be potentially used for
advanced NF treatment processes when the dynamic gating is needed, not only for ion
separations, but also potentially for small organic compound separations, such as purifying
multicomponent proteins and dyes systems.
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MgSOs solutions at different electrical potentials. Cell potentials ranging from 0-2V were applied
repeatedly to the membrane surface and the counter electrode. Membranes are used as cathode
to avoid electrooxidation.
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Chapter 5. Conclusion

The dissertation presented potential applications of electrically conductive membranes
fabricated with CNTs. In particular, by tuning the membrane’s surface charges via external
potentials, electroactive membranes were excellent at preventing oil fouling and adjusting

its’ selectivity towards salt ions.

In Chapter 1, we briefly stated that membrane technology was effective at
addressing water scarcity issue, then further discussed its fundamentals including
membrane classification, transport mechanism, and concentration polarization. We
presented the overview of membranes for oil/water separation. Soon after we discussed
their fouling mechanisms and recent achievements. Additionally, we emphasized the
background of nanofiltration membranes, summarized their separation mechanisms and
several new developments. Finally, we reviewed applications of electroactive membranes
for water reuse and desalination. An economic analysis was provided to evaluate the

potentials of utilizing electroactive membranes for real applications.

Chapter 2 discussed the surfactants’ effect on membrane oil fouling in UF and NF
processes. Specifically, the membrane surface fouling by different types of surfactant-
stabilized oil emulsions in UF and NF processes were studied. Two commercially available
UF and NF membranes were tested. Three different surfactants including DDBS, CTAB,
and TX-100, which have a negative, positive and neutral hydrophilic head were used to
stabilized oil droplets. Those stabilized emulsions were systematically characterized in

terms of their charge, size and surface tensions. Membrane process was operated in
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constant flux mode and tested in the electrolyte of DI water and 10 mM NacCl solutions.
The membrane fouling event was evaluated based on the operating pressures, and the
membrane’s effective separation of oil/water was examined by conducting the TOC
analysis of the permeate. The hydraulic cleaning was also used to test the effectiveness of

restoring membrane flux.

It was observed that electrostatic interactions between the membrane surface and emulsion
droplets were important for membrane fouling and rejection. Positively charged CTAB
stabilized emulsion droplets were preferentially attracted and fouled membranes rapidly,
as well as easily penetrating through the UF membranes. However, no significant
difference was observed between CTAB and DDBS stabilized emulsions at the elevated
ionic strength of 10 mM NaCl. This result corresponded well with the reduced surface
charges for both membranes and emulsion droplets due to electrical double layer
compression. The increase of ionic strength reduced surface tensions of oil droplets, which
lead to easier penetration of oil droplets through UF membranes. In addition, once
membranes were wetted by emulsion droplets, hydraulic cleaning was not effective at

recovering membrane flux.

Two model approaches were used to illustrate the penetration of oil droplets through UF
membranes and the membrane surface wetting event by emulsion droplets. Emulsion’s
properties including droplet size, contact angle, and interfacial tension were determining
factors in these models. We also proposed that cake layer formation was responsible for

the linear pressure increase in both UF and NF processes. However, once the pressure drop
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across the cake layer exceeded a critical point, droplets wetted the membrane, which

resulted in irreversible fouling.

This study conveyed a message that droplets’ surface charges were fundamentally
important for membrane surface fouling, which also provided insights that the electrostatic
force between emulsion droplets and membrane surface was crucial for membrane fouling,
which lead to a continued study in Chapter 3. The results may be helpful for industrial

companies to use proper detergents when creating oily wastewater.

Chapter 3 presented the oil fouling reduction on membrane surface using CNT
based electrically conductive membranes. Oil droplets were prepared by stabilizing
hexadecane using DDBS in the electrolyte of DI water and 100 mM NaCl solution.
Prepared emulsion droplets were characterized with respect to their zeta potential, droplet
size, and interfacial tension. Commercial UF membranes were coated with a conductive
CNT film and tested in a constant flux mode. A dramatic reduction of membrane fouling
was achieved with the assistance of electrical potentials. A systematic analysis of force
acting on droplets near membrane surface was done to understand the fouling phenomena.
The model indicated that using the membrane as a cathode can significantly enhance the
maximum repulsive force in DI water. Increasing the negative potentials of membrane
surface didn’t increase the force, it only extended the distance between the droplet and

membrane surface further away where the maximum force occurred.

We investigated the impact of applied electrical potentials on emulsion droplets using a

contact angle goniometer. Emulsion droplets experienced a reversible shape change when
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membrane surface was charged under different electrical potentials. A cathodic potential
turned droplet into a more oblong shape, and an anodic potential restored droplet to a more
circular shape. We hypothesized this phenomenon was due to an uneven distribution of
surfactants on the emulsion droplets. A droplet with oblong shape indicated a denser
packing of surfactants away from the membrane surface that prevented emulsion
coalescence. While a droplet with circular shape revealed a completely opposite packing
of surfactants and favored emulsion coalescence. We used film drainage model to quantify
the emulsion coalescence efficiency, and further linked it the subsequent membrane

wetting event.

This study provided a fundamental study of the potential impact on oil emulsion droplets
in a UF filtration process. It proved that membranes were able to reduce emulsion droplets
fouling through increasing their surface charges, even at high ionic strengths of 100 mM
NaCl. Electroactive membranes were one promising tool to deal with oily wastewater,
which contained high salinity, such as bilge water and produced water. However, these
electroactive membranes were not stable under anodic potentials, which may lead to
electro-oxidation of carbon materials in water. Besides, the proper selection of membrane
supports was important, because membranes with large pores may lead to the breakout of
emulsion droplets. In particular, oil droplets had extremely low interfacial tensions at high

ionic strengths, which can easily penetrate through highly porous membranes.

Chapter 4 reported the application of two electrically conducting NF membranes
for selective separation of salt ions. PA film was acted as the active layer, MWCNT and

S/DWCNT formed conductive skeletons and used to provide extra surface charges. The
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characterization of membrane’s electrical conductivity revealed that S/DWCNT membrane
was much more conductive and had higher capacity for ion storage. Filtration results of
treating single salt, and mixed salt solution demonstrated that MWCNT-PA membrane
behaved similar to plain PA membrane, where extra negative surface charges contributed
to higher rejections for Na* and CI-, and lower rejection for Mg?*. In contrast, S/DWCNT-
PA membrane was better for releasing Na*, Mg?*, CI" ions and rejecting SO4>* with
increased negative surface charges. The XPS analysis confirmed that MWCNT-PA had
similar crosslinking degree of PA film compared to plain PA membrane, while S/DWCNT-
PA membrane was less crosslinked, which left more free carboxylic groups. AFM and
SEM confirmed that a complete PA film of 200 nm was formed on top of the MWCNT
network, while no clear and complete PA film was found on top of the S/DWCNT film,
but several bumps were found within CNT film. We speculate that PA film was rather
embedded into the S/DWCNT membranes. This surface morphology may result in a
completely different behavior of ion selectivity under different electrical potentials.
However, it still requires additional theoretical study which is completely different than

traditional NF transport mechanisms.

Electroactive NF membranes demonstrated new promises to dynamically adjust ion’s
selectivity via applying electrical potentials. It may be helpful for industrial separation
processes which need different selectivity at different stages, or require more precise
separation of nanometer ranged substances. For example, these membranes would be
beneficial for treating textile wastewater and recovering valuable components. In addition,

adjusting surface potentials could theoretically use for separating biomolecules with
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different molecular weights. However, it is still necessary to further conduct the research
to study the impact of electrical potentials on the rejection of small organic compounds

using electroactive membranes.
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