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ABSTRACT

SURFACTANT EFFECTS ON POLYELECTROLYTE BRUSH SWELLING AND
EMULSION FILTRATION THROUGH BRUSH-COATED MEMBRANES

By
Zhefei Yang

This dissertation investigates the swelling and fouling resistance of polyanionic and
polyzwitterionic brushes in the presence of surfactants and surfactant-stabilized oil-in-
water (O/W) emulsions. Such emulsions are an undesired byproduct of many processes,
the largest of which is the massive oil and gas extraction industry. Among the three existing
forms of oil (free oil, dispersions and emulsions), emulsions are the most difficult to treat
due to the small oil droplet size (< 20 um) and surfactant-enhanced emulsion stability.
Membrane filtration is an effective method for removing oil from emulsions, but fouling
induces a rapid decline in permeate flux that may make such separations impractical.

Polyelectrolyte brushes can potentially resist oil fouling because they are
superoleophobic in aqueous solutions due to their strong water affinity. This research
employs surface-initiated atom transfer radical polymerization for relatively controlled
growth of polyanionic and polyzwitterionic films. Poly(3-sulfopropyl methacrylate
potassium salt) (PSPMK) brushes formed on Au surfaces show underwater hexadecane
contact angles of nearly 180°. Due to electrostatic repulsion, these polyanionic brushes do
not adsorb the anionic surfactant sodium dodecyl sulfate (SDS). Moreover, with SDS-
stabilized O/W emulsions, microfiltration membranes modified with PSPMK brushes
show ~100% oil rejection and a constant permeate flux, indicating minimal fouling during
12-h, dead-end filtrations. In contrast, electrostatic attraction causes strong adsorption of

the cationic surfactant cetrimonium bromide (CTAB) to PSPMK brushes, and this leads to



brush collapse and no oil rejection during filtration. Thus, polyanionic brushes effectively
resist oil fouling, but only for emulsion stabilized with anionic surfactants.

To investigate whether zwitterionic films can resist adsorption of both cationic and
anionic surfactants, this work employed poly(sulfobetaine methacrylate) (PSBMA)
brushes. Unfortunately, both cationic and anionic surfactants adsorb to these brushes, and
swelling in surfactant solutions depends on surfactant charge and concentration, as well as
brush thickness. Preliminary data show that during the filtration of O/W emulsions, the
permeate flux is much lower than the pure water flux, presumably because of fouling.
Moreover, the permeate flux increases during filtration, implying brush collapse after oil
adsorption. Compared with the strong fouling resistance of anionic PSPMK brushes to
negatively charged oil droplets, the nearly neutral zwitterionic brushes have little charge
repulsion to oil droplets and show low resistance to fouling.

During filtration with PSBMA-modified membranes, oil coalescence occurs. As an
alternative approach to separate O/W emulsions, membrane coalescence traditionally
employs hydrophobic membranes to prompt oil attachment and coalescence on the surface.
Preliminary data show that superoleophobic membranes can also induce oil coalescence

and are less fouled than traditional hydrophobic membranes.
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Chapter 1. Introduction

This dissertation aims to develop polyanionic and polyzwitterionic brushes as
superoleophobic coatings that resist fouling during filtration of surfactant-stabilized oil-in-
water (O/W) emulsions. Polyanionic brushes swell greatly in water and do not adsorb
anionic surfactants due to electrostatic repulsion. Remarkably, microfiltration membranes
modified with these brushes reject >99.9% of the oil from emulsions stabilized by anionic
surfactants, and the permeate flux does not decline over time, which demonstrates excellent
resistance to fouling. In contrast, electrostatic attraction induces strong adsorption of
cationic surfactants or cationic surfactant-stabilized oil droplets to polyanionic brushes.
Thus, | examined zwitterionic poly(sulfobetaine methacrylate) (PSBMA) brushes as
coatings that may resist fouling in solutions containing either cationic or anionic
surfactants. However, these brushes adsorb both anionic and cationic surfactants, and this
sorption strongly depends on thickness of the swollen brushes, surfactant charge and
surfactant concentration. The swelling of PSBMA brushes in surfactant solutions results
from a combination of charge-screening, disordering of water molecules around
zwitterions and the surfactant hydrophobicity. While developing these brushes, | obtained
preliminary filtration data that suggest that oil droplets coalesce on some membrane
surfaces, which could provide another approach for combatting fouling.

This chapter first introduces O/W submicron emulsions and describes the
importance of removing oil from these mixtures. The second section of this introduction
reviews common approaches for oil-water separation, emphasizing membrane filtration as
an effective method, especially for submicron O/W emulsions. I then present background

on polyelectrolyte brushes as effective anti-fouling materials, and briefly explore their



synthesis and underwater superoleophobicity. Finally, the fourth section gives a brief
description of oil coalescence on membranes, which is a much less common strategy than
membrane filtration but may provide an effective alternative mechanism for separating

O/W emulsions. At the end of this chapter, | briefly outline the rest of this dissertation.

1.1.  O/W Emulsions in Produced Water

1.1.1. Oil and Grease in Produced Water

Produced water, the wastewater that stems from oil and gas extraction from underground
deposits, is a massive, unwanted byproduct in the oil industry.! According to a 2012 market
study, fossil fuel extraction creates more than 115 billion barrels of produced water each
year. Generation of each barrel of oil leads to around 3 barrels of produced water. This
ratio was 8/1 (barrels of produced water/barrels of oil) for the United States in 2012 and
will likely reach 12/1 by 2027. In the worst cases, this ratio may increase to 50/1.2 Qil and
grease are among the major components in produced water, with a wide concentration
range from 20-200000 mg/L.2 As discharged oil and grease may significantly damage the
environment, the US Environmental Protection Agency issues regulations governing their
discharge. For example, the maximum concentration of oil and grease in the effluents of
any new oil and gas facilities cannot exceed 42 mg/L at any time. Meanwhile, the average
concentration in effluents for 30 successive days cannot exceed 29 mg/L.* These tight
regulations of oil discharge along with the growth of oil and gas industries require new
advances in efficient oil-water separations.

1.1.2. Surfactant-Stabilized Oil-in-Water (O/W) Emulsions

Based on the sizes of oil droplets, oil and grease in produced water exist in three categories:

free oil (> 150 pum), dispersed oil (20-150 pm) and emulsified oil (< 20 pm).> Emulsions



with oil droplets smaller than 1 pum are termed submicron emulsions® and are common in
drug delivery,” & pesticide formulations,® food processing,’® cosmetics'! and emulsion
polymerization.? 1 Separation of these tiny oil droplets from water is very challenging,
particularly because surfactants stabilize these droplets.

Surfactants are amphiphilic compounds with both hydrophilic and hydrophobic
moieties. According to the charge on the hydrophilic groups, surfactants fall into four
groups: cationic, anionic, nonionic and zwitterionic (Figure 1.1). The amphiphilicity of
surfactants allows them to reside at the oil-water interface, increasing oil solubility in water

and preventing coalescence of oil droplets (Figure 1.2).
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Figure 1.1. Surfactant classification based on the charge of the hydrophilic head group, and specific

examples. SDS-sodium dodecyl sulfate; CTAB-cetrimonium bromide.
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Figure 1.2. Surfactant-stabilized oil droplets in an O/W emulsion.

1.2.  Separation of O/W Emulsions

1.2.1. Common Qil-Water Separation Methods

For produced water, oil-water separation typically occurs in three stages.* *° The primary
treatment relies on the density difference between oil and water and uses instruments such
as the American Petroleum Institute gravity separator. In general, solid particles will settle
to the bottom and the oil will rise to the surface, leaving the wastewater in the middle phase.
However, the primary treatment can only isolate free oil (droplets larger than 150 um).t
The remaining oil droplets are too small to separate from water using density differences.
Stokes’ equation (Eq. 1.1) illustrates this point as it describes droplets’ vertical velocity, V,

2 -
V= dgig—:pr’ Eq. 1.1

as a function of the droplet diameter, d, the densities of water and oil, pwand po respectively,
and the dynamic viscosity of water, puw. (The variable g represents the acceleration due to
gravity.) Although oil droplets will float to the surface due to their low density relative to
water, small droplet diameters lead to a low flotation rate and a low separation efficiency.
Thus, the secondary separation stage aims to coalesce the oil droplets. Common

methods include gas flotation and the use of plate separators. Gas flotation induces gas



bubbles to contact and coalesce with oil droplets, and the oil-gas aggregates rise to the
surface rapidly due to their low densities and large sizes.}” As their name implies, plate
separators employ plates to provide more surface area for oil attachment and coalescence,
leading to more separation than in simple gravity separators. However, these conventional
coalescing methods focus on oil droplets between 50 and 100 um in the absence of
surfactants.8 19

Treatment of surfactant-stabilized emulsified oil occurs primarily at the tertiary
stage. One common method in this stage is membrane filtration. This technique effectively
separates oil from emulsions, even submicron O/W emulsions, and is becoming more
common in both lab-scale and industrial applications. Section 1.2.3 discusses membrane
filtration in more detail.
1.2.2. Conventional Methods for Demulsification
Due to the stability of emulsified oil, breaking emulsions into oil and water phases, termed
demulsification, is often indispensable before separation. The traditional demulsification
methods mainly include chemical addition and thermal treatment (evaporation and
incineration). Both of these techniques are effective under certain conditions but suffer
from shortcomings.?’ Chemical demulsification is very effective when a proper demulsifier
is available. For example, addition of HCI to emulsions stabilized by ester surfactants will
destabilize the system due to the surfactant decomposition.? However, chemical
demulsification is highly susceptible to changes in the influents. Analysis of the emulsion
chemical composition is vital for choosing the right demulsifier. Other limitations include
mechanical problems due to clogging of chemical feeding lines, sludge generation and

corrosion. Thermal treatment is more universal since it doesn’t rely on specific chemical



interactions. However, heating leads to high energy costs, and oil evaporation may produce
a contaminated condensate.

1.2.3. Membrane Filtration

Compared to conventional oil-water separation methods, membrane filtration has several
advantages:2* 2! (1) It doesn’t require extraneous chemicals in most cases. (2) Energy costs
are much lower than in thermal treatment. (3) The operation is amenable to automation. (4)
Low weight and small space requirements give rise to low installation costs. (5) Because
of the sieving-based barrier technology, the quality of the treated stream is not highly
susceptible to the properties of the influent stream, especially when compared with
chemical demulsification. (6) Membrane filtration has the potential to combine with other
separation methods such as hydrocyclones.

Membrane filtration can be divided into four categories according to the membrane
pore size: microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and reverse
osmosis (RO). As Figure 1.3 shows, as the pore size decreases, membrane filtration
requires higher operating pressures but the minimum size of the rejected species
decreases.?> 23

Like all the other methods for oil-water separation, membrane filtration has its
limitations. Most importantly, fouling greatly decreases the water-permeability of
membranes. Oil droplets will attach to the membrane and block the pores during filtration,
leading to decreased hydrophilicity and a permeate flux that declines with filtration time
(Figure 1.4). Thus, fouling requires membrane cleaning or even replacement, which leads

to a high maintenance cost. Several approaches may reduce fouling, including the use of



vibratory or centrifugal devices,?* 2> membrane modification,?528 and pretreatment of feed
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Figure 1.3. Membrane filtration classification based on the membrane pore size. The column at the
left lists the method, the range of pore diameters, and typical operating pressures, whereas the figure

shows solutes that the membrane rejects (bent red arrows) or allows to pass (blue arrows).

solutions.?® Among these methods, membrane modification may prove the least expensive
if modifications are stable. This work focuses on modifying membranes with
polyelectrolyte brushes, so the next section introduces methods for preparing and

characterizing such coatings.
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Figure 1.4. (a) Diagram of membrane fouling when oil droplets attach to the surface. (b) Qualitative
plot of the fouling-induced decline in flux with time (curve I1) during constant-pressure filtration.

In contrast, the flux through membranes that do not foul is constant with time (b, line I).



1.3.  Polyelectrolyte Brushes

1.3.1. Synthesis via Surface-Initiated Atom Transfer Radical Polymerization (SI-ATRP)
Polyelectrolyte brushes are among the most popular and well-studied anti-fouling
coatings.3*® They consist of polyelectrolytes with one end attached to an interface,3 and
both grafting to and grafting from strategies can yield such structures (Figure 1.5).*® The
grafting to strategy refers to the attachment of prefabricated polymers via either
physisorption or covalent bonds to a substrate. Although this strategy is feasible, it cannot
produce thick and dense polymer brushes because steric repulsion between the coating and
incoming chains limits the chain attachment.®® 37 In the grafting from method,
polymerization occurs directly from immobilized initiators. This enables the growth of
thick, dense brushes because small incoming monomers can readily diffuse to initiators or
growing chain ends. Controlled radical polymerization (CRP) techniques are particularly
attractive for the grafting from strategy because they allow control over the thickness,
composition and architecture of polymer brushes and are compatible with many functional
groups in both aqueous and organic media.>* Among different CRP techniques for brush
fabrication, surface-initiated atom transfer radical polymerization (SI-ATRP) is especially

versatile as it provides controlled polymerization of a wide range of functional monomers.
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Figure 1.5. Synthetic strategies for the preparation of polymer brushes: (a) grafting to strategy,
polymer synthesis occurs before attachment to the surface; (b) grafting from strategy, monomers

are polymerized from initiators anchored to the surface.



ATREP relies on the reversible redox activation of a dormant alkyl halide (R-X),
which is either the initiator or the end-group on a growing polymer chain, using a transition
metal complex (M{"-Y/Ligand, Y is the counterion or another ligand and M: is a transition

metal ion). Scheme 1.1 shows a general mechanism of ATRP.*® Homolytic cleavage of the

kacr
R-X + M,"-Y/Ligand —= R-+ X-M,"""-Y/Ligand

kdeact S
kp k{ N -

monomer termination

Scheme 1.1. Transition-metal-catalyzed ATRP.*

R-X bond through a one-electron oxidation of the transition metal complex reversibly
produces a reactive radical. The rate constants for the forward and reverse reactions are Kact
and kdeact, respectively. Meanwhile, in addition to deactivation the generated radicals may
undergo both polymerization with a rate constant kp, and termination with a rate constant k.
To achieve well-controlled ATRP, the concentration of radicals should be low to minimize
radical termination, and this requires a rapid reversible deactivation. Moreover, fast
initiation is also necessary for uniform polymer growth. A successful SI-ATRP reaction
with uniform and adjustable brush growth needs optimization of the various constituents
of the reaction such as the initiator, catalyst and solvent. Among these factors, the catalyst
is the key to ATRP since it determines the equilibrium state of the radical formation and
deactivation reactions.*

Despite excellent control of polymerization under many conditions, SI-ATRP
suffers two major problems in the fabrication of polyelectrolyte brushes on membranes.
Considering the chemical compatibility of membrane substrates, water is the preferred

solvent. However, prior studies report that the ATRP catalyst deactivates by forming



complexes with charged monomers in water (Scheme 1.2).*° Moreover, water will
accelerate the disproportionation of Cu (1), leading to the loss of catalyst.** These side
reactions may lead to a less controlled polymerization and a relatively rough brush surface.

H,0

M{-Y/Ligand + R-SO,; K" R-S03— M"/Ligand + K'Y

H,0

X—M*"-Y/Ligand + R-S0; K" R-S03—M¢-Y/Ligand + KX~

Scheme 1.2. Catalyst deactivation by charged monomers in water.*°

1.3.2. Wettability of Polyelectrolyte Brushes

Several studies reported that polyelectrolyte brushes form underwater superoleophobic
surfaces,*-** which are defined as surfaces with an oil contact angle larger than 150° with
contact angle hysteresis < 10°.%% 4 For example, as Figure 1.6 shows, silicone oil spreads

on polyelectrolyte brushes in air, whereas in water oil will bead up and detach from same

176°

<3°
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Figure 1.6. Wetting of a silicon wafer modified with PSPMK (poly(3-sulfopropyl methacrylate

potassium salt)) brushes. (a) In air, the silicone oil droplet spreads on the surface to give a low
contact angle. (b) In water, silicone oil forms contact angles of nearly 180°, and the oil droplet may
detach from the surface. Reprinted from reference 44 with permission of the American Chemical

Society.
surface. This phenomenon results from a small work of adhesion, which is the reversible
work needed to separate a unit area of one phase from another.*” 8 As shown in Figure 1.7,

the work of adhesion for oil and a surface in water can be expressed as:

10



Wows = Ysw + Yow — Yso Eq. 2
where Wows IS the work of adhesion needed to separate oil from a solid surface. The terms
Ysw, Yow and yso represent the surface free energies of a solid-water interface, an oil-water
interface and a solid-oil interface, respectively. Combining Eq. 2 and Young’s Equation
(Eq. 3) yields a more useful expression relating the work of adhesion with the contact angle
(Eq. 4).

Ysw — Yso = YowCOSO Eq. 3
Wows = Yow(1 + cos 0) Eq. 4
where 0 is the contact angle between oil and the solid surface under water.

Because of their strong affinity for water, polyelectrolyte brushes become
superoleophobic with a large contact angle of oil under water.*> According to Eq. 4, a large
oil contact angle leads to a small work of adhesion, indicating that oil can detach from the
surface easily. Thus, polyelectrolyte brushes are good choices as materials that resist

fouling with oil.

Surface

l

Surface

Figure 1.7. The work of adhesion needed to separate oil from a surface in water.
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1.4. Membrane Coalescence for Separation of O/W Emulsions

As discussed above, conventional coalescence techniques can hardly separate surfactant-
stabilized O/W emulsions, especially submicron emulsions. However, Nitsch and
coworkers reported that emulsified oil droplets will coalesce as they are pumped through a
hydrophobic membrane.'® 4° They proposed a mechanism for this process assuming that

oil droplets

water

Step | Step I Step 11

Step V Step IV

Figure 1.8. Proposed process of oil coalescence during flow through a porous hydrophobic
membrane. I. Qil droplets (yellow) adsorb and coalesce on the pore surface (dashed gray). 1l and
I11. Oil droplets grow and eventually block the pores creating water occlusions (blue). IV and V.
Oil and water occlusions pass through the membrane creating water-in-oil droplets, which are large

enough to detach from membrane.®
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the porous membrane is a network of capillaries. As Figure 1.8 shows, emulsified oil
droplets first attach to the hydrophobic membrane surface (Step 1), followed by contact and
coalescence with nearby oil droplets (Step I1). As the oil aggregates become large enough
to cover the membrane pores, water occlusion occurs (Step 111) and leads to the formation
of W/O (water-in-oil) droplets at the membrane outlet (Steps 1V, V). Compared with the
original tiny oil droplets, these W/O aggregates are much larger. Therefore, they can float
to the surface rapidly according to Stokes’ equation (Eqg. 1).

Using several filtration membranes, Agarwal and co-workers investigated the
factors that affect oil coalescence including filter pore size, surface roughness and surface
wettability.>® °! They found that an effective coalescing filter should meet the following
criteria. Firstly, the filter should be hydrophobic to enable oil attachment and coalescence.
Secondly, flow through the membrane should occur vertically since in this direction oil
droplets will possess high mobility. This configuration may also enhance oil droplet contact
and coalescence. Thirdly, the filter should have a rough surface to promote oil adhesion
that induces oil coalescence. Based on these fundamental studies, several groups
successfully fabricated hydrophobic coalescing membranes for emulsion separation.5°
Nevertheless, as a technique in development, in-membrane coalescence still faces several
challenges, such as low coalescence of submicron oil droplets or droplets stabilized by
mixed surfactants. Still, membrane coalescence was already more effective in coalescing
oil than a common fiber bed coalescer, as shown in Table 1.1.*8 For example, membrane
coalescence can separate surfactant-stabilized oil droplets whereas a fiber bed coalescer is

only effective for oil droplets with not enough or even no surfactants. In addition,
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membrane coalescence provides a higher flow rate and better separation efficiency, which

is defined as

N = 28 5 100% Eq.5

org,a
where Vorg, » and Vorg, o represent separated and initial volume of organic phase,
respectively.

Table 1.1. The comparison between membrane coalescence and fiber bed coalescer.

Membrane Coalescence Fiber bed Coalescer
Surfactant yes partial No
O/W conc. (vol, %) 0.1-7 2-5 0.1-0.2
Droplet size (um) 1-10 <100 10-100
Flow rate (m3/m?h) 3-660 2.5-6.5 7-47
Separation efficiency (%) 80-98 complete/partial 50-98

1.5.  Outline of This Dissertation

As shown in Table 1.2., Chapter 2 describes (a) the controlled growth of
polyanionic brushes composed of poly(3-sulfopropyl methacrylate salts) (PSPMK), (b)
brush swelling and surfactant adsorption in solutions containing either anionic or cationic

Table 1.2. Titles of the remaining chapters of this dissertation.

Adsorption of Anionic or Cationic Surfactants in Polyanionic Brushes and Its

Chapter 2
P Effect on Brush Swelling and Fouling Resistance during Emulsion Filtration

Agueous Swelling of Zwitterionic Poly(Sulfobetaine Methacrylate) Brushes in

Chapter 3
P the Presence of lonic Surfactants

Chapter 4 Oil Coalescence on Porous Membrane Surfaces during Dead-End Filtration

Chapter 5 Summary and Future Work
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surfactant and (c) separation of O/W submicron emulsion using microfiltration membranes
modified with PSPMK brushes. In short, the polyanionic brushes show minimal surfactant
sorption or oil fouling when using an anionic surfactant, but high sorption and fouling when
using a cationic surfactant. In an effort to create brushes that resist sorption of both cationic
and anionic surfactants, | began investigating the properties of polyzwitterionic brushes.
Specifically, chapter 3 discusses the swelling of poly[2-(methacryloyloxy)ethyl dimethyl-
(3-sulfopropyl)ammonium hydroxide] (PMEDSAH) films in the presence of anionic and
cationic surfactants. These brushes show sorption of both cationic and anionic surfactants,
leading a more swelling or collapsed brush layer, depending on the surfactant charge and
concentration, as well as brush thickness. Chapter 4 shows preliminary oil coalescence data
using membranes with different coatings, focusing on oil coalescence on less hydrophilic
membranes. Preliminary data suggest oil coalescence can be adjusted by changing
membrane substrate, surface modification, pore size and filtration pressure. Finally,
Chapter 5 summarizes my PhD research and its potential application in the separation of

O/W submicron emulsions.
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Chapter 2. Adsorption of Anionic or Cationic Surfactants in Polyanionic Brushes
and Its Effect on Brush Swelling and Fouling Resistance during Emulsion Filtration
Portions of this chapter are reprinted from our published paper in Langmuir (Yang, Z.,

Tarabara, V. V., and Bruening, M. L. Langmuir 2015, 31 (43), 11790-11799).

2.1. Introduction
Oil and grease are common pollutants in wastewater from processes such as oil production,
food processing, can manufacturing, and wool scouring,! and limitations on the release of
oil in wastewater necessitate separation of oil-water mixtures prior to water discharge.
According to U.S. regulations, new oil and gas facilities should limit the maximum
concentration of oil and grease in wastewater to 42 mg/L, and the average of daily values
over 30 consecutive days should not exceed 29 mg/L.? Density-based separation
technology, e.g. flotation and hydrocyclones, can readily isolate free oil (droplets with
diameters >150 pm) and dispersed oil (20-150 um droplets) from water, but emulsified oil
(droplets with diameters <20 pm) is more difficult to remove.® Demulsification of such
surfactant-stabilized droplets through chemical or thermal treatments can increase droplet
sizes under certain conditions, but these techniques have limitations.! Chemical treatment
requires customization for a given feed and may introduce corrosion problems. Although
thermal treatment is more universal, it incurs high energy costs, and evaporated oil may
present another disposal issue.

Compared to other separation methods for removal of emulsified oil, membrane
filtration offers several advantages including a relatively low energy cost, possible
automation, and no addition of extraneous chemicals. # However, fouling due to oil

accumulation at the membrane surface or in membranes pores often rapidly decreases
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permeate flux or increases filtration pressures. To solve this problem, a number of groups
modified membrane surfaces to achieve both high flux and high oil rejection.>° However,
only a few studies examined the separation of micron and submicron-sized emulsions
because the small oil droplets are difficult to separate from water.*2 Submicron emulsions
are common in drug delivery,*1* pesticide application,'® food processing,'® cosmetics’-*®
and emulsion polymerization.’®*?° Considering the increasing popularity of submicron
emulsions and tighter regulations on oil discharge, their separation from water will likely
become increasingly important.

Two recent studies indicate that polyelectrolyte brushes on membranes limit
fouling by oil emulsions while increasing oil rejection.'? 2t Water sorption in these brushes
creates extremely hydrophilic surfaces to which oil does not adhere. However, the fouling
resistance of charged brushes may vary greatly with the surfactant that stabilizes the
emulsion. Katleen and co-workers found that cationic surfactants readily foul unmodified
negatively charged nanofiltration membranes.?? At higher concentrations, even negatively
charged surfactants foul these membranes, suggesting the need for higher surface charge
density, such as that in polyelectrolyte brushes, to prevent fouling. Daniel and co-workers
increased both the concentration of initiator and polymerization time during membrane
modification to create a dense, neutral brush that shows strong antifouling ability.?® A few
experimental®*?® and computational?’?® studies examined adsorption of charged
surfactants to polyelectrolyte brushes and suggest that a relatively low surfactant
concentration and low brush density promote brush collapse. Moreover, surfaces modified
with polyelectrolyte brushes become more hydrophobic after absorbing cationic

surfactants.?® However, these studies focused on adsorption of ionic surfactants to
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oppositely charged or nonionic polymer brushes.?* 3 A very recent paper (submitted at
approximately the same time as the paper describing this research) focused on the
adsorption of ionic surfactants to oppositely charged polymer brushes and the lubrication
behavior after surfactant adsorption.!

This work examines interactions of cationic and anionic surfactants with brushes
composed of poly(3-sulfopropyl methacrylate salts) (PSPMK, Scheme 2.1). We chose
these brushes because Kobayashi et al. showed they are superoleophobic in water, although
that study did not exam surfactant-stabilized oil droplets. Negatively charged polymer
brushes are attractive because they may resist adsorption of anionic surfactants, which are
the most common class of surfactants in the oilfield market.*> We employ surface-initiated
atom-transfer radical polymerization (SI-ATRP)* to grow these brushes on both Au-
coated Si wafers and porous nylon membranes. The wafers enable studies of film thickness,
swelling in water and surfactant solutions, surfactant adsorption, and wettability (contact

angles), whereas dead-end filtration with membranes examines fouling, oil rejection, and
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Scheme 2.1. SI-ATRP of SPMK on Au-coated wafers (a) and hydroxylated nylon membranes (b)

permeate flux as functions of surfactant composition and brush thickness. For comparison,

we also perform dead-end filtration with commercial NF270 membranes.
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2.2. Experimental

2.2.1. Materials

Hydroxylated (LoProdyne LP) nylon membranes with 1.2 um diameter pores were
obtained from Pall Corporation, and NF270 membranes were a gift from Dow Chemical.
All membranes were cut into 2-cm discs, and nylon membranes were exposed to UV/ozone
for 15 min prior to modification. Au-coated Si wafers were prepared at LGA Thin Films
(Santa Clara, CA) by sputtering 200 nm of gold on 20 nm of Cr on Si wafers. 3-sulfopropyl
methacrylate potassium salt (98%, SPMK), 11-mercapto-1-undecanol (97%), ammonium
chloride (>99.5%), a-bromoisobutyryl bromide (98%, BIBB), 2,2’-bipyridine (>99%,
Bpy), decane (>99%), hexadecane (99%), sodium dodecyl sulfate (98.5%, SDS), and
cetrimonium bromide (>99%, CTAB) were obtained from Sigma-Aldrich. Bromine
(100.0%) and triethylamine (100%) were purchased from J.T. Baker, and copper (I)
chloride (> 99.995%), copper (II) chloride dihydrate (> 99.0%) and dimethylformamide (>
99.8%, DMF) were acquired from Jade Scientific. Anhydrous dichloromethane (Macron
Fine Chemicals) was used as received. Chloroform (Macron Fine Chemicals) and
triethylamine were dried with molecular sieves (4 A, Jade Science) before use. Aqueous
solutions were prepared using deionized water (Milli-Q, 18.2 MQ cm), and disulfide
initiator, (BrC(CHs)2COO(CH2)11S)2, was synthesized according to a literature
procedure.®

2.2.2. Preparation of PSPMK Brushes on Au-Coated Wafers and Nylon Membranes
2.2.2.1.Initiator Immobilization

The protocol for immobilizing the disulfide initiator on Au-coated wafers included washing

the substrate with ethanol, drying with N2, cleaning with UV/ozone for 15 min, immersion
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in a 1 mM ethanolic solution of (BrC(CH3s)2COO(CH?2)11S)2 for 24 h, rinsing with ethanol
and drying under a stream of Naz. Initiator immobilization on hydroxylated nylon
membranes employed an esterification reaction with BIBB as described in the literature.®
In this procedure, 30 mL of chloroform and 2.4 mL of triethylamine were mixed under N2
and kept at 0 °C in a sealed round-bottom flask for 1 h. In a N2-filled glovebag, this mixture
was introduced into a 50-mL petri dish containing 6 hydroxylated nylon membrane discs,
and 0.5 mL of BIBB was added to the solution. The reaction mixture was gently stirred
with a magnetic stir bar for 20 min, and the BIBB-esterified membranes were removed
from the glove bag and washed with copious amounts of acetone and then with a
methanol/water (1/1, v/v) mixture prior to drying under a stream of N2. The membranes
were further dried under vacuum overnight before polymerization.

2.2.2.2.Polymerization of SPMK

The SI-ATRP is similar to a literature procedure.®’-3 In a typical synthesis, SPMK (36
mmol) was dissolved in a DMF/water mixture (1/1 v/v, 30 mL) in a round-bottom flask.
The mixture was degassed via four freeze-pump-thaw cycles. A freshly prepared Cu-Bpy
stock solution containing CuCl (0.002 mmol), CuCl2 (0.002 mmol), and Bpy (0.01 mmol)
in a DMF/water mixture (1/1 v/v, 5 mL) was degassed via four freeze-pump-thaw cycles
and mixed with the monomer solution in a petri dish in a Nz-filled glove bag.
Polymerization occurred after immersion of initiator-modified membranes or wafers in the
mixed solution at room temperature. After the desired polymerization time, the modified
substrates were removed from the glove bag, rinsed with 100 mL of water, and dried with

No.
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2.2.3. Characterization of Modified Au-Coated Wafers and Nylon Membranes

Wafers coated with disulfide initiator and PSPMK brushes were characterized by
reflectance Fourier transform infrared spectroscopy (FTIR) (Nicolet 6700 FT-IR
spectrometer, Thermo Scientific, with a Pike grazing angle (80 °) attachment). A
UV/ozone-cleaned Au-coated wafer served as a background. Infrared spectra of
membranes modified with BIBB and PSPMK brushes were obtained using a PerkinElmer
FT-IR spectrometer (Spectrum One, PerkinElmer) with an attenuated total reflectance
(ATR) accessory (Universal ATR-1 Reflection Top-Plate). The spectrum of an unmodified
nylon membrane was subtracted from the spectrum of modified membranes to highlight
absorbances due to newly grown films. To examine surfactant adsorption, PSPMK brush-
modified wafers were transferred directly from water to surfactant-containing solutions.
After an overnight immersion in the surfactant solution, the wafer was rinsed with 100 mL
of water from a wash bottle for ~ 2 min prior to drying with N2 and obtaining a reflectance
FTIR spectrum.

The “dry” thickness and refractive indices of the polymer brushes on Au-coated
wafers were determined in air using a rotating analyzer ellipsometer (model M-44, J.A.
Woollam) at an incident angle of 75°. Similar thickness determinations for films immersed
in water employed a homemade trapezoidal cell with glass windows.3%° In all
experiments, the refractive index was fit using a Cauchy model. Ellipsometric
measurements were performed on at least three spots on each wafer, with many different
films.

Contact angles on surfaces were acquired using a dynamic contact angle analyzer

(FTA 200, Firsttenangstroms). Hexadecane drops were placed on the modified and
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unmodified Au-coated wafers both before and after immersion of substrates in water to
determine contact angles. We attempted to measure a hexadecane contact angle directly in
solutions containing either 0.36 mM SDS or 0.36 mM CTAB, but hexadecane droplets
would not form at the end of the syringe needle due to the surfactants. As an alternative,
the wafers were pretreated by immersion in the surfactant solutions overnight, followed by
washing with 100 mL of water and drying with N2. A drop of hexadecane was placed on
these dry wafers, and they were immersed in surfactant solutions prior to determining the
contact angle. The morphologies of membranes were also observed using a field-emission
scanning electron microscope (JSM-7500F, JEOL). The membrane porosity was
determined from the mass loss of wet membranes after drying. After polymerization,
polymers physically adsorbed on the membrane were washed off by pumping pure water
through the membrane for 5 h. Membranes were then patted dry with a Kimwipe to remove
water on their surface, and immediately weighed (wet mass). To obtain the mass of a dry
membrane, the wet membranes were dried in a vacuum oven for 24 h and weighed. The

membrane porosity was calculated using Eq. 2.1

) (Ww—Wq)/pPwater
borosity x 1009 Eq.2.1
orosity ((ww—Wa)/pwater+Wd/Ppolymer> & !

where Wy and W4 are the masses of wet and dry membranes, respectively, pwater is the
density of water (1 g/cm®), and ppolymer represents the density of nylon, which is 1.15

glem3.#2

2.2.4. Emulsion Preparation and Characterization
Hexadecane emulsions stabilized with SDS or CTAB were prepared as described

previously.*® Preparation of stable hexadecane-in-water emulsions with oil droplet
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diameters smaller than 1 pm requires an oil content <10% (volume fraction).! SDS (0.0144
g) or CTAB (0.0182 g) was dissolved along with NaCl (0.0058 g) in a hexadecane/water
mixture (1/9, v/v, 100 mL), and this mixture was sonicated for 3 min (1 min on, 0.5 min
off) using a horn ultrasonicator (power setting: 6.5, power output: 57 W, Sonicator 3000,
Misonix). The size distribution of the oil droplets was determined by light scattering using
a Malvern Instruments particle size analyzer (Mastersizer 2000, Malvern Instruments) with
a manually controlled pump and sample dispersion unit (Hydro SM, Malvern Instruments).
These stock emulsions were stored for up to two weeks prior to dilution and filtration. At
longer times phase separation occurs with CTAB emulsions, and even for shorter times,
some phase separation may decrease the oil concentration.

2.2.5. Dead-End Filtration

The specific flux (L/(m?-h-bar)), referred to as LMH/bar) and observed oil rejection (R, %)
of the membranes were determined in dead-end filtration using a 15-mL Amicon cell
(Model 8010, Millipore) with a suspended stir bar rotating at 45 rpm. The cell was
connected to a stainless steel feed tank (standard 2 gallon pressure vessel, Pope Scientific)
that contained deionized water (Figure 2.1),* and the applied pressure was always 1.4 bar.
A stainless steel frit with nominal 1 pum pores (316LSS 1 um Discs, Mott Corporation)
supported the membrane. Initially, pure water flux was determined using deionized water
as the feed. Permeate fractions were collected over specific times and weighed to determine

the flux. In filtration of emulsions, the Amicon cell was filled with 13 mL of deionized
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water and 1 mL of the 10% hexadecane emulsion. The solution was mixed with the hanging
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Figure 2.1. Diagram of the apparatus for dead-end filtration.

magnetic stir bar for 30 sec. The cap was placed on the Amicon cell, and pressurized N2
was applied to the water-containing feed tank so deionized water entered the stirred
Amicon cell to replace the permeate. Permeate fractions were collected over specific times

and weighed to determine flux, and rejection values, R, were calculated using Eq. 2.2:
— (1%
R = ( Cf) x 100% Eq. 2.2

where Cs and Cp are the hexadecane concentrations in the feed and the permeate,
respectively. During the filtration, the volume of feed solution decreases slightly due to a
small amount of air entering the cell so the feed concentration increases ~20% during
experiments where the rejection is essentially 100%. For rejection calculations, Cr was the
average of the feed concentration before and after filtration. Hexadecane concentrations
were determined by gas chromatography (GC-17a, Shimadzu) using a hexadecane
calibration curve with decane as an internal standard. To prepare GC samples, hexadecane

in permeate solutions was extracted by mixing 1 mL of saturated NaCl solution, 5 drops of
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1 M HCI, 1 mL of dichloromethane and 1 mL of the permeate solution for 30 s on a vortex
mixer (BV1000, Benchmark Scientific). After phase separation, 0.5 mL of the organic
phase was added to a GC vial containing 10 pL of decane as an internal standard. Figure
2.2 shows the calibration curve. Several blank solutions without hexadecane were analyzed
to determine the minimum detectable signal (average of the blank signal plus three times
the standard deviation of this signal.) Based on this minimum detectable signal and the

calibration curve in Figure 2.2b, the detection limit of these analyses is 9 x 10® M

hexadecane.
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Figure 2.2. (a) GC calibration curve showing a linear relationship between the ratio of GC peak
area (hexadecane/decane) and the concentration of hexadecane at high hexadecane concentration.
Figure (b) shows the calibration curve at low concentration. Hexadecane concentrations in all
filtrations were calculated using the left curve. Estimates of detection limits and low concentrations

for determining high rejections were obtained using the right curve.

To examine whether oil adsorbed significantly to the filtration cell, a control
experiment employed an impermeable transparency film (3M, PP2500) in place of a
membrane. Because the film is impermeable, any change in the amount of hexadecane after
the experiment represents oil adsorption on the Amicon cell or film. Table 2.1 describes
these results and shows <20% adsorption to the cell. All of the filtration experiments were

repeated with 2 or 3 membranes.
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Table 2.1. Mass balance for the dead-end filtration of surfactant-stabilized emulsions using
PSPMK-modified (1-h polymerization time) and NF270 membranes, and an impermeable
transparency film. Values of n are the percentages of oil (relative to that in the initial feed) found
in the total permeate and retentate fractions, and on the cell after the filtration. The value adsorbed
on the cell was calculated by subtraction and represents the amount of oil not accounted for in the
permeate and retentate. The total filtration time was 12 h. Initial studies with a teflon cell instead

of the Amicon cell showed higher levels of adsorption.

Membrane Surfactant | n (Permeate) | n (Retentate) n (Cell)
PSPMK-modified membrane SDS 1.7% 78.9% 19.4%
PSPMK-modified membrane CTAB 81.0% 0.4% 18.6%

NF270 SDS 0.4% 87.0% 12.6%
NF270 CTAB 0.03% 84.7% 15.3%
mpermecblenspareny | sps NA mew | 221%

2.3.  Results & Discussion

2.3.1. Brush Synthesis on Au-Coated Wafers and Nylon Membranes

Reproducible growth of polymer brushes is the first step in investigating both the
interaction of brushes with surfactants and their use as membrane skins for emulsion
filtration, and Scheme 2.1 shows the SI-ATRP strategy we employ to grow brushes on Au-
coated wafers and nylon membranes. The Au surfaces enable brush characterization with
reflectance IR spectroscopy and ellipsometry. IR spectra confirm both initiator adsorption
and brush growth on the Au surface (Figure 2.3). In particular, sulfonate stretches at 1219
and 1049 cm™ and a C=0 stretch at 1737 cm™® confirm the presence of PSPMK brushes.
Figure 2.4 shows the peak height for the sulfonate stretch at 1219 cm™ and the “dry”

ellipsometric thickness of PSPMK brushes (on Au-coated wafers) as a function of
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polymerization time. Both the peak height and the dry thickness increase approximately

linearly with polymerization time, indicating continuous growth of PSPMK brushes.
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Figure 2.3. Reflectance FTIR spectrum of (a) the monolayer formed from treatment of a Au-coated
wafer with a solution containing (BrC(CH;),COO(CH>)11S), and (b) PSPMK brushes on a Au-

coated wafer.
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Figure 2.4. “Dry” ellipsometric thicknesses (blue squares) and sulfonate IR absorbances at 1219
cm™ (red circles) as a function of polymerization time for PSPMK brushes grown from an initiator

monolayer on Au. Error bars represent standard deviations (n=12 determinations on 4 wafers).

SI-ATRP on nylon membranes is difficult to characterize, but ATR-IR spectra
clearly show the presence of C=0 and sulfonate stretches after growth of PSPMK (Figure
2.5). The mass loss of wet membranes after drying also indicates a decrease in porosity
from 66% for a bare membrane to around 56% after modification with PSPMK brushes
(Table 2.2). Top-view SEM images (Figure 2.6a, b) suggest a lower porosity and smaller
pore size at the membrane surface after the growth of polymer brushes. Cross-sectional
SEM images (Figure 2.6¢, d) also reveal a smaller pore size after polymerization, especially
in the top layer of the membrane. Based on these images, pore size appears to decline after
brush growth. However, pores in these spongy membranes are difficult to interrogate with
microscopy. Additionally, SEM images show dry membranes whereas during filtration

brushes will swell.
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Figure 2.5. ATR-IR spectra of a hydroxylated membrane (a) before and (b) after growth of PSPMK
brushes. Spectrum (c) results from subtracting 0.8 x spectrum (a) from spectrum (b) and shows
absorbances due primarily to the PSPMK brush. We employed the factor of 0.8 to minimize

infrared absorbances from the base nylon membrane.

Table 2.2. Membrane porosity determined by the mass loss of wet membranes after drying. The

PSPMK-modified membranes show lower porosity than the bare membrane.

Polymerization Dry Weight (g) | Wet Weight (g) | Porosity | Average Porosity
Time
1 0.0374 0.0756 54.0%
45 min 54.4%
2 0.0362 0.0745 54.9%
1 0.0372 0.0860 60.1%
1h 57.5%
2 0.0372 0.0766 54.9%
1 0.0312 0.0850 66.5%
0
2 0.0332 0.0876 65.3% 65.8%
(bare)
3 0.0332 0.0884 65.6%
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Figure 2.6. SEM images of (a, c) bare nylon membranes and (b, d) PSPMK-modified membranes.
Figures a and c are the top views of the membranes, where figures b and d show cross sections of

the membranes.

2.3.2. Film Swelling and Contact Angles

PSPMK brushes should resist oil adsorption in large part because they swell extensively in
water. Figure 2.7 shows the thickness of water-swollen PSPMK brushes (on Au-coated
wafers) and their percent swelling (percent increase in thickness after immersion in
deionized water for 12 h) as a function of their “dry” thickness. Notably, films swell by up
to 280%, and the maximum swollen thickness is around 340 nm. Some films increase in
thickness as much as 240 nm due to water sorption. The swelling data are consistent with
changes in the refractive index of the PSPMK brush after immersion in water (see Figure
2.8, higher swelling gives lower refractive indices). When the “dry” thickness of the brush

is < ~100 nm, the percent swelling is essentially constant. Lower swelling at the higher
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“dry” thicknesses may occur due to a lower chain density at the exterior of thicker films.

(Some chain termination likely occurs during the polymerization.)
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Figure 2.7. The water-swollen thickness (blue squares) and percent swelling (red circles) of
PSPMK brushes as a function of their “dry thickness”. Error bars represent standard deviations

(n=12 determinations on 4 wafers).
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Figure 2.8. Refractive indices of water-swollen PSPMK brushes as a function of their dry thickness.
When the dry thickness is <~100 nm, the refractive indices are around 1.36. Refractive indices
increase from 1.36 to 1.39 when dry thicknesses surpass 100 nm and swelling decreases. Each point

represents an average of refractive indices determined at wavelengths ranging from 410 to 740 nm.

Consistent with high aqueous swelling, the hexadecane contact angles on PSPMK-

coated wafers increase from 50° in air to ~180° in water (Figures 2.9a and 2.9b). Kobayashi
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and coworkers obtained similar results with hexadecane on PSPMK and other
polyelectrolyte brushes.* Bare gold surfaces show hexadecane contact angles <5 ° in both
air and water (Figures 2.9¢c and 2.9d). Eq. 2.2, often known as Young’ s equation, shows
the surface tensions that affect hexadecane contact angles in air, Oyp_aj ,» and in water,
Oup—water» WNEre Yeair» Yrup: YHDAIr YFw, and ygpw are the surface tensions between
film and air, film and hexadecane, hexadecane and air, film and water, and hexadecane and

water, respectively.

__ YFAir—“YFHD __ YFW~YFHD
coSOpp-pir = —, ——— coS Oup-water = —, — Eq.2.2

YHDAIr YHDW

Because yupair < Yapw. for values <90 ° contact angles are often greater in water than air.
In contrast, for contact angles >90 ©, if it acted independently, the high value of ygpw
would decrease the contact angle value compared to the contact angle in air. However, for
a highly swollen, water-like film, yg, approaches zero and Yggp = Yupw ,» SO
€0S Oyp—_water apProaches -1 (Figure 2.9b). Thus, oil droplets should dewet and detach
easily on PSPMK surfaces in water. This superoleophobicity also occurs on modified nylon

membranes, leading to a strong resistance to fouling.

d <5e

e i

Figure 2.9. Contact angles of hexadecane on PSPMK-modified wafers (a, b) and bare Au-coated

wafers (c,d). The images were obtained in air (a, ¢) and water (b,d).
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2.3.3. Surfactant Interactions with PSPMK Brushes

Charged surfactants may adsorb to PSPMK brushes through hydrophobic interactions with
brush alkyl backbones, but electrostatic forces between PSPMK side chains and surfactants
will be repulsive for anionic surfactants and attractive for cationic surfactants. Thus, this
section examines adsorption of anionic and cationic surfactants in PSPMK films and the
effect of adsorption on brush swelling.

2.3.3.1.Anionic Surfactant

For studies of SDS adsorption to PSPMK brushes, we first polymerized SPMK for 1 h
from many initiator-modified Au-coated wafers to create films with water-swollen

thicknesses around 340 nm. The CMC of SDS is 8 mM.*® Thus, to examine brush swelling
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Figure 2.10. Swollen thicknesses of PSPMK brushes on Au-coated wafers in water and in solutions
with different concentrations of SDS. Error bars represent standard deviations (n=12 measurements

on 4 wafers).

at SDS concentrations above and below the CMC, we immersed the different films in

aqueous solutions with SDS concentrations ranging from 2 to 20 mM and determined the
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water-swollen thicknesses with in situ ellipsometry. In all cases the swollen thickness was
around 340 nm (Figure 2.10) both in water and in the SDS solutions, suggesting that SDS
does not affect the film architecture. Moreover, after a brief rinse with water, the
reflectance IR spectra of these films showed no increase in the absorbance from CH:

stretches, which indicates minimal SDS adsorption (Figure 2.11).

A i

Absorbance

_ L
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Wavenumbers (cm)

Figure 2.11. Reflectance IR spectra of PSPMK brushes on Au-coated wafers before (black line)
and after immersion in 4 mM (red line) and 15 mM (blue line) SDS solutions. Small changes in the
intensity of sulfonate stretches with minimal change in the carbonyl stretch may reflect a change in
the film orientation or the environment around the sulfonates after immersion in surfactant solutions

and rinsing with water. However, the spectra show no aliphatic stretches of surfactant around 2900

cm™,

Shorter polymerization times lead to lower “dry” film thicknesses and more
swelling of PSPMK brushes (see Figure 2.4 and 2.7), so we also examined SDS adsorption
in thinner films that have a lower polymer density in water. However, as Figure 2.12 shows,

films with water-swollen thicknesses ranging from 75 to 350 nm exhibited no substantial

change in their swollen thickness upon immersion in 20 mM SDS solutions.
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Figure 2.12. The water-swollen thicknesses of PSPMK brushes on Au-coated wafers before (blue

squares) and after (red circles) immersion in a 20 mM SDS solution.

Water contact angles also show no change after treatment of films with SDS. The
hexadecane contact angle in water was ~180 ©, even after exposing the film to 20 mM SDS
and briefly rinsing with water. Moreover, the hexadecane contact angle in a 20 mM SDS
solution was also ~180°, and the oil easily detaches from the PSPMK-modified surface.
Taken together, these results imply that negatively charged brushes resist SDS adsorption
and should resist fouling in the filtration of emulsions stabilized with this surfactant.
Because surfactant should coat oil droplets in stabilized emulsions, we expect the fouling
tendencies of such emulsions to resemble those of the surfactant itself.
2.3.3.2.Cationic Surfactant

2.3.3.2.1. Effect of CTAB Concentration

Unlike SDS, the cationic surfactant CTAB will experience electrostatic attraction to
PSPMK brushes. After immersion in a 3 mM CTAB solution and rinsing with water, the
absorbances of the CH2 symmetric and asymmetric stretches at 2925 and 2854 cm

increase dramatically in the reflectance IR spectra of PSPMK films (Figure 2.13),
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indicating CTAB adsorption. The position and intensity of sulfonate absorbances also shift,
and the intensity of the C=0 peak decreases suggesting a change in the “dry” PSPMK

conformation and in the counterions of the sulfonate groups after CTAB exposure.*’°
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Figure 2.13. Reflectance IR spectra of PSPMK brushes before (bottom) and after (top) immersion
in 2 mM CTAB for 12 h and rinsing with water. Growth of the PSPMK brush employed 1-h

polymerization.

Figure 2.14 shows the increase in the absorbance at 2925 cm™ as a function of the
CTAB concentration in solution (films were rinsed with water prior to obtaining the
spectra). At CTAB concentrations from 0.4 to 1.5 mM, the absorbance at 2925 c¢m?
increases slightly with CTAB concentration, but upon increasing the CTAB concentration
from 1.5 to 5 mM, the amount of CTAB adsorption, as quantified by the increase in
absorbance at 2925 cm™, decreases 76%. Nevertheless, the overall swollen film thickness
increases continuously with CTAB concentration (Figure 2.14). At the lowest CTAB
concentrations, surfactants exist as single molecules (the CMC is 0.9 mM®°) that should
diffuse throughout the film and adsorb to brushes. The surfactants likely replace water in

the film, so despite the brush becoming more hydrophobic it does not collapse significantly.

42



With increasing CTAB concentration, adsorption of micelles may dominate, and their
added mass apparently increases the thickness of the swollen film. However, extensive
adsorption of micelles at the brush surface may hinder further sorption of CTAB micelles
and single molecules (Figure 2.14) despite the increase in swollen thickness. CTAB
adsorption likely neutralizes much of the negative charge near the surface of the PSPMK
brushes and makes them more oleophilic, as indicated by only a 58° hexadecane contact

angle in water (Figure 2.15) after CTAB adsorption.
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Figure 2.14. Percent change in swollen thickness (blue squares) and percent increase in the CH,
IR absorbance at 2925 cm™ (red circles) after immersion of brushes in solutions with varying CTAB
concentrations. Swelling was determined first in deionized water and subsequently in the CTAB
solution, whereas the IR absorbance was determined after immersion in deionized water or CTAB
solution and subsequent rinsing with water, and drying with N. All films were initially prepared
using a 1-h polymerization time. Error bars represent standard deviations (n=12 measurements on

4 wafers).
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Figure 2.15. Contact angle of hexadecane in deionized water on a PSPMK-modified wafer treated
with CTAB. The wafer was exposed to 5 mM CTAB for 12 h and rinsed with water before the

contact angle measurement.

2.3.3.2.2. Effect of the Density of PSPMK Brushes on CTAB Adsorption and Changes in
Swelling

In early studies, we used some older batches of the disulfide initiator that did not always
give similar thicknesses for a given polymerization time, presumably because some of the
initiator had decomposed and the densities of chains were not the same on all wafers.
However, these films show similar swollen thicknesses, so they offer a chance to examine
the effect of brush density on CTAB adsorption. We employ the magnitude of the —SOs"
absorbance at 1219 cm™ as an indicator of brush density for films with similar swollen
thicknesses of 340 nm. Figure 2.16 shows that with higher density (greater -SOs’
absorbance), PSPMK brushes collapse less and even increase in thickness upon immersion
in 3 mM CTAB. However, the -CH2 absorbance due to adsorbed surfactant is similar for
all of the films after rinsing with water. As mentioned above, adsorption of CTAB micelles
apparently stretches polymer chains for films with a high density. In this case, the micelle
does not simply replace water. For the lowest density films, the micelle adsorption causes

chain collapse, perhaps as the chains conform to the micelle.
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Figure 2.16. The change in the water-swollen thickness of PSPMK brushes in 3 mM CTAB (blue
squares) with respect to the thickness in deionized water, and the percent increase in the —-CH; IR
absorbance at 2925 cm™ (red circles) as a function of the sulfonate absorbance at 1219 cm™ in the
pristine film. IR absorbances were determined after rinsing films with water and drying with N..
The increase in absorbance at 2925 cm™ stems from surfactant adsorption, and film density should

increase with increasing sulfonate absorbance.

2.3.4. Emulsion Filtration with PSPMK-Modified Membranes

2.3.4.1 Filtration of SDS-Stabilized Emulsions

We examined dead-end filtration of hexadecane submicron emulsions stabilized with either
SDS or CTAB. Hexadecane serves a representative oil with a low surface energy®® and is
widely used in fundamental research?! 4> °1, Light-scattering measurements show that the
oil droplet size distributions (Figure 2.17) are similar for emulsions stabilized with SDS
and CTAB. In both cases, the droplets have a size range from 40 to 1000 nm, and the
diameters of 90% (by volume) of the oil droplets are smaller than 500 nm. The volume-
weighted mean diameters are 280 and 229 nm for SDS and CTAB-stabilized oil droplets,
respectively. All these data correspond to the definition of a submicron emulsion,* and the
droplet size distribution was approximately the same at the beginning and end of filtrations.

The filtration employs initial oil volume fractions of 0.7%. The oil content in wastewater
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from different industries varies from 0.0013% to 25.97% (volume fraction), and most oily
wastes contain 0.1-1% oil.> During filtrations of SDS-stabilized emulsions with PSPMK-
modified and NF270 membranes, the hexadecane concentration in the permeate
approaches or is less than the limit of detection (9 x 10 M). Thus, the oil rejection is

usually >99.9% and always >99.8%.
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Figure 2.17. Size distributions of hexadecane submicron emulsions stabilized by SDS (a) and
CTAB (b).

Figure 2.18a shows the specific flux (flux divided by the transmembrane pressure
drop) during filtration of an SDS-stabilized emulsion through a PSPMK-modified (1-h
polymerization) membrane. Because the oil rejection is around 100% over the entire
filtration, the feed oil concentration is nearly constant. The flux during the filtration (~18
LMHY/bar) is about 75% of the pure water flux (~23 LMHy/bar), which suggests minimal
membrane fouling. More importantly, the flux does not decline over 12 h, further
confirming the fouling resistance of the brushes. The pure water flux after filtration was

29.9 LMH/bar (Figure 2.19a), 30% higher than that before filtration. This increase in pure
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water flux may result from a change in the brush confirmation, but the high water flux after
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Figure 2.18. Specific fluxes (blue squares) in dead-end filtration of SDS-stabilized hexadecane
submicron emulsions through PSPMK-modified membranes. The SPMK polymerization time was
1 h(a) or 45 min (b). The green horizontal lines show the pure water flux before filtration. Initially,

the emulsion contained 24.3 mM hexadecane in 0.36 mM SDS.
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Figure 2.19. Pure water flux (after a 12-h filtration of an SDS-stabilized emulsion) for membranes
modified using (a) 1-h and (b) 45-min SI-ATRP of SPMK.

filtration confirms the strong anti-fouling nature of the PSPMK-modified membrane. The
highly hydrated, negatively charged brush clearly resists adsorption of oil droplets. We
should note that a control nylon membrane with no modification shows much higher flux
(2 to 3 orders of magnitude) but little oil rejection due to the large pores (nominally 1.2

um) (Figure 2.20a, b).
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Figure 2.20. Replicate dead-end filtrations. (a), (b): filtration of SDS-stabilized hexadecane
emulsions with bare nylon membranes with 1.2 pum pores. The specific flux (blue circles) drops at
the beginning due to membrane fouling and increases quickly after the oil permeates through the
membrane in 1.5 min. The hexadecane concentration (red circles) falls to zero because deionized
water replenishes the feed cell. (c): filtration of an SDS-stabilized hexadecane emulsion with a
PSPMK-modified membrane (polymerization time: 45min). The permeate flux (blue circles)

increases after 5h of filtration, and visible oil appears in the permeate after that time.
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Decreasing the polymerization time from 1 h to 45 min during membrane
modification should lead to polymer brushes with a similar swollen thickness (Figure 2.4)
but a lower charge density (Figure 2.7). Figure 2.18b shows the permeate flux for a
membrane modified with 45 min of SPMK polymerization. Compared to filtration through
a membrane modified with 1 h of polymerization, the fluxes and oil rejections are similar.
However, for the membrane modified with 45 min of polymerization the flux increases
gradually during the experiment, and the pure water flux after filtration increases
dramatically (Figure 2.19b), suggesting some collapse of the low-density brushes. A
replicate membrane (Figure 2.20c) prepared with 45 min of PSPMK polymerization was
not hydrophilic enough to maintain high oil rejection longer than 5 h. Thus, decreasing the
polymerization time may increase flux, but the low density of polymer chains will likely
lead to eventual brush collapse.
2.3.4.2.Filtration of CTAB-Stabilized Emulsions
In dramatic contrast to SDS, filtration of CTAB-stabilized submicron emulsions through
PSPMK-modified membranes leads to oil breakthrough and an initial dramatic increase in
flux (Figure 2.21). Because we add the emulsion to the Amicon cell and replenish the cell
with deionized water from a feed tank during the filtration, the concentrations of oil and
surfactant in the feed rapidly decline when oil rejection is low. Thus, the hexadecane
concentration in the permeate first increases with time as the membrane becomes more
permeable in the presence of the cationic surfactant and then declines because of less oil in
the feed. Permeate flux also initially increases with time as the brush collapses and then
becomes constant when there is minimal surfactant in the feed. However, the flux never

returns to its initial low value, suggesting the brush remains collapsed.
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Figure 2.21. Permeate hexadecane concentrations (red circles) and specific fluxes (blue squares)
during dead-end filtration of a CTAB-stabilized hexadecane submicron emulsion through a
PSPMK-modified membrane. The horizontal green line shows the pure water flux prior to the
filtration. The membrane was modified with a 1-h polymerization. The PSPMK-modified
membrane showed low oil rejection, and all of the hexadecane permeated through the membrane
in 4 h. The initial hexadecane feed concentration was 17.9 mM, but this value declined rapidly
during the filtration due to low rejection and cell replenishment with deionized water.

As Figure 2.22 illustrates, we speculate that for low-density chains, polymer
brushes likely collapse as they wrap around CTAB-stabilized oil micelles. Even for
membranes modified with a 1-h polymerization, brush deswelling is sufficient to give a
permeate flux that is 4 times the pure water flux prior to exposure to surfactant. Moreover,
the membranes show minimal oil rejection after brush collapse. This mechanism is
consistent with the data in Figure 2.16, where brush thickness decreases in the presence of
CTAB for films with the lowest density. The relatively low density of functional groups
on the nylon surface likely leads to less initiator and significantly less dense brushes than

polymerization from a monolayer of initiator on the Au-coated wafer. The concentration
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of CTAB in the initial feed solution is also low, 0.36 mM, which tends to lead to brush

collapse (Figure 2.14).

Figure 2.22. Cartoon of filtration of CTAB-stabilized submicron emulsions with PSPMK
modified-membranes: (a) polymer brushes swell well in water prior to contact with CTAB and oil
droplets stabilized by CTAB; (b) positively charged oil droplets adsorb to the negatively charged
PSPMK to cause brush collapse. The blue, yellow and green balls represent water, oil droplets and
CTAB molecules, respectively. The brush modification likely extends much farther into the

membrane than the figure shows.

2.3.5. Comparison of Filtration with PSPMK-Modified Membranes and NF270
Nanofiltration Membranes

We also performed dead-end emulsion filtration through commercial NF270 membranes.
We chose these membranes because their pure water specific flux (~19.6 LMH/bar) is
similar to that of brush-modified membranes, which enables a fair comparison of fouling
tendencies. Moreover, these membranes have a negatively charged surface (zeta potential
of -20 mV around neutral pH3*°2-3), and their small effective pore size (0.49 nm®*) should
lead to nearly 100% oil rejection. As expected, the NF270 membranes exhibited oil
rejections >99.9%, regardless of surfactant. Initially, flux declines most rapidly for
solutions containing the cationic surfactant (Figure 2.23), presumably because of favorable
electrostatic interactions with the negatively charged surface.>* Even with an anionic

surfactant, however, the negatively charged surface is not sufficient to prevent fouling.
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With SDS-stabilized emulsions, the permeate flux declines 98.7% over the course of the
12-h filtration. Given time, micelle adsorption to the membranes occurs regardless of
surfactant charge. Interestingly, the flux at the end of the filtration is higher for the CTAB-
stabilized emulsion than for the SDS-stabilized system. After formation of an oil coating
on the membrane, fouling will likely depend more on the emulsion than on the properties

of the underlying brush.
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Figure 2.23. Evolution of specific permeate flux with time during filtration of aqueous submicron
emulsions through NF270 membranes. Blue squares and red circles represent filtration with an
SDS-stabilized and a CTAB-stabilized emulsion, respectively. The horizontal green line shows the

average pure water flux.

Compared to the brush-modified membranes prepared with a 1-h polymerization
(Figure 2.18a), the NF270 membranes show similar oil rejection (almost 100%), but the
brush-modified membranes exhibit no significant permeate flux declines with time. For
example, 12 h into filtration of SDS-stabilized emulsions, the permeate flux was ~18
LMH/bar for the PSPMK-modified membrane and only ~0.2 LMH/bar for the NF270
membrane. With CTAB-stabilized emulsions, the NF270 membrane is clearly superior to

the brush-modified membrane because of higher rejection. Nevertheless, the NF270
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membrane still shows a strong fouling tendency in the cationic surfactant. We should also
note that a recent study suggests that growth of zwitterionic polymer brushes only on the
surface of membranes may lead to permeate fluxes up to 6000 LMH/bar,*? which could

make such membranes much more attractive for oil-water separations.

2.4.  Conclusions

This research investigated the effect of surfactants (a) on the swelling of polyanionic
brushes on planar surfaces and (b) on emulsion filtration through porous membranes
modified with similar brushes. Anionic surfactants do not alter the aqueous swelling of
PSPMK brushes, nor do they significantly decrease flux and rejection during filtration of
surfactant-stabilized oil emulsions through brush-modified membranes. In contrast,
cationic surfactants adsorb to the polyanionic brushes, presumably due to electrostatic
attraction. When polymer chain density and surfactant concentration are low, adsorption
of CTAB causes brush collapse, and on microporous membranes this collapse leads to
greatly enhanced flux and minimal rejection of oil droplets with diameters <1 um. On
planar surfaces, high-density brushes do not collapse in the presence of CTAB, although
they do adsorb the surfactant. Unfortunately, synthesis of high-density brushes on
microporous membranes is a challenge due to a low functional group density on the
membrane surface. However, knowledge of the surfactants present in a given solution may

allow design of specific brushes (polyanionic or polycationic) that resist fouling.
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Chapter 3. Aqueous Swelling of Zwitterionic Poly(Sulfobetaine Methacrylate)
Brushes in the Presence of lonic Surfactants
Portions of this chapter are being submitted to Macromolecules (Yang, Z., Tarabara, V.

V., and Bruening, M. L.).

3.1. Introduction

Polyelectrolyte brushes, dense assemblies of charged polymers attached through one end
to a surface,! can be extremely hydrophilic and provide both enthalpic and entropic barriers
to nonspecific adsorption of a wide range of analytes.>* Thus, a number of studies
employed such coatings as anti-biofouling materials,>*° and these brushes may also serve
as lubricating films with extremely low friction coefficients in water.!*1* Additionally,
several groups derivatized polyelectrolyte brushes with affinity reagents to capture specific
proteins.!>18 In certain cases, the properties of specific brushes can change in response to
temperature,® 20 pH?-2% and solvent,?*?’ creating “smart” surfaces.

However, small ions may diffuse into polyelectrolyte brushes and change their
swelling and anti-fouling properties. For example, polyanionic and polycationic brushes
collapse in solutions with increasing ionic strength due to charge screening and a decrease
in electrostatic repulsion.?®2° This work focuses on the impact of ionic surfactants on brush
swelling in aqueous solutions. Due to their amphiphilic nature that results from both
hydrophilic and hydrophobic moieties, surfactants are vital in a wide range of applications
such as protein solubilization,®" 32 emulsification,**® cleaning,¢-® and fabric softening.>*-
41 Even low concentrations of surfactants may dramatically change the anti-fouling
properties of polyelectrolyte films. Our previous work showed that polyanionic brushes

resist adsorption of anionic surfactants,*> and polyanionic brush-coated membranes
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completely repel emulsified oil droplets stabilized with these surfactants. However,
surfactants and surfactant-stabilized oil droplets with a charge opposite to that of the
polyelectrolyte brushes adsorb strongly to these coatings because of electrostatic
attraction.*> 43 As a result, in the presence of oppositely charged surfactants, polyelectrolyte
brushes become hydrophobic and collapse in polar solvents.

Polyzwitterionic brushes contain both positive and negative charges, and as with
polyanionic or polycationic brushes, the strong affinity of these charged groups for water
leads to a superhydrophilic film.® 4448 Nevertheless, the strong inter- and intra-molecular
associations between opposite charges in polyzwitterionic brushes lead to unusual trends
in swelling. For example, in contrast to polyanionic or polycationic brushes,
poly(sulfobetaine methacrylate) (PSBMA) brushes show enhanced swelling in aqueous
solutions with increasing ionic strength.?® 4951 Thus, the presence of both cationic and
anionic groups in the polyzwitterions may lead to a different response to ionic surfactants
than in simple polyelectrolyte brushes. Although some studies examined surfactant
interactions with zwitterionic groups,>® very few of them focused on surfactant-
polyzwitterionic brush interactions,> ¢ especially for brushes with varying thicknesses.
Zhou and co-workers recently showed no effect of surfactants on the lubrication behavior
of polyzwitterionic brushes, suggesting no surfactant uptake.®® However, here we show
that surfactant sorption is a function of surfactant charge and concentration, as well as brush
thickness.

This research examines the swelling of zwitterionic PSBMA brushes in the
presence of both anionic and cationic surfactants. We chose PSBMA because among the

common zwitterionic polymers poly(sulfobetaine methacrylate), poly(carboxybetaine
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methacrylate) and poly(phosphobetaine methacrylate), the swelling behavior of PSBMA
in both water and salt solutions is better understood,?® *° which may prove helpful in
explaining PSBMA swelling in the presence of ionic surfactants. We employ surface-
initiated atom transfer radical polymerization (SI-ATRP) to grow poly[2-
(methacryloyloxy)ethyl dimethyl-(3-sulfopropyl)ammonium hydroxide] (PMEDSAH)
brushes on both Au-coated Si wafers and porous nylon membranes (Scheme 3.1). Films on
Au-coated wafers facilitate characterization of brush thickness, swelling, and surfactant

adsorption, whereas membranes enable examination of the effect of swelling on filtration.

Br——+ 8-5  »—Br M N Ty,
| -O_H” g N [ g e N B

‘ ‘ disulfide initiator | Lsye. lElr MEDSAH '..'..SF:“:‘.O.. \ /

Au-coated ' CuCl/CuCl,/bpy
wafer Catalyst

b Cj“ o. J_|_,\_.,flr | Os

o

< Alg . _
HO_ _~_~_Ni, B =" Tris buffer, air A ﬂnylon membrane

O ~

HO~ DMF, EISN, N2 ' DH 8.5 \ﬁ o ~oH - H ~\r ~OH

(sl o]
~g~ N B gkr | CuCHCuCl,/bpy

MEDSAH Catalyst

=0

0.0
~ N """\.\"""'S"C)_ K

Scheme 3.1. Surface-initiated atom transfer radical polymerization of MEDSAH on (a) Au-coated

wafers and (b) nylon membranes.

3.2.  Experimental

3.2.1. Materials

Hydrophilic nylon membranes with nominal 0.45 um diameter pores were obtained from
Sterlitech (25 mm diameter, NY4525100). Si (111) wafers were purchased from University

Wafer (Boston, MA) and coated with Au at LGA Thin Films (Santa Clara, CA) by
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sputtering 200 nm of gold on 20 nm of Cr on Si wafers. [2-(Methacryloyloxy) ethyl]
dimethyl-(3-sulfopropyl) ammonium hydroxide (97%, MEDSAH), dopamine
hydrochloride (98%), 11-mercapto-1-undecanol (97%), ammonium chloride (>99.5%), a.-
bromoisobutyryl bromide (98%, BIBB), 2,2’-bipyridine (>99%, bpy) and sodium dodecyl
sulfate (98.5%, SDS) were obtained from Sigma-Aldrich.
Tris(hydroxymethyl)aminomethane hydrochloride (>99%, Tris hydrochloride) was
purchased from Invitrogen, and dodecyltrimethylammonium bromide (99%, DTAB) was
acquired from Acros Organics. Bromine (100%) and triethylamine (100%) were purchased
from J.T. Baker, whereas copper (I) chloride (>99.995%), copper (II) chloride dihydrate
(>99.0%) and dimethylformamide (>99.8%, DMF) were acquired from Jade Scientific.
Acetone (99.7%) and ethyl acetate were purchased from Fisher Scientific and anhydrous
dichloromethane, hexane (analytical reagent grade, AR) and chloroform (AR) were
obtained from Macron Fine Chemicals. Dichloromethane was used as received, and
chloroform, toluene and triethylamine were dried with molecular sieves (3 A, Sigma-
Aldrich) before use. Aqueous solutions were prepared using deionized water (Milli-Q, 18.2
MQ-cm). The disulfide initiator, (BrC(CH3)2COO(CH2)11S)2 was synthesized according to
literature procedures.>®

3.2.2. Preparation of PMEDSAH Brushes on Au-Coated Wafers and Nylon Membranes
3.2.2.1.Initiator Immobilization

Immobilization of the disulfide initiator on Au-coated wafers included cleaning the
substrate with ethanol, drying with N2, cleaning with UV/ozone for 15 min, immersion in
a 1 mM ethanolic solution of (BrC(CHs)2COO(CH2)11S)2 for 24 h, rinsing with ethanol and

drying under a stream of N2. The protocol for immobilizing the initiator on nylon
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membranes combined two literature procedures.® 2 Nylon membranes were extracted
with acetone for 12 h and then dried with N2. Dopamine hydrochloride (2.1 mmol) was
dissolved in DMF (20 mL), and this mixture was degassed via three freeze-pump-thaw
cycles before transfer into a glove bag and mixing with triethylamine (1.1 mmol). BIBB
(2.1 mmol) was then added dropwise to the mixture with gentle stirring, followed by
stirring for 3 h. The solution was subsequently well mixed with 100 mL of Tris
hydrochloride solution (2.8 M), and the pH was adjusted to 8.5 using NaOH. Clean nylon
membranes were immersed in this dopamine solution for 48 h, removed from the glove
bag and the solution, and rinsed with ~100 mL of water and dried with N2, forming
polydopamine initiators (PDA-BIBB) on the surface.

3.2.2.2.Polymerization of MEDSAH

PMEDSAH brushes on Au-coated wafers were prepared using the parameters of a
procedure for the synthesis of polyanionic brushes.*> MEDSAH (35 mmol) was dissolved
in a DMF/water mixture (1/1 v/v, 30 mL) in a round-bottom flask. The mixture was
degassed via four freeze-pump-thaw cycles. The catalyst was prepared by dissolving CuCl
(0.016 mmol), CuClz (0.016 mmol) and bpy (0.08 mmol) in a DMF/water mixture (1/1 v/v,
40 mL) and degassing via four freeze-pump-thaw cycles. Then 5 mL of the Cu-bpy solution
was mixed with the monomer solution in a N2-filled glove bag. The polymerization
solution was injected into vials, and wafers or membranes modified with initiators were
submerged in these solutions. After various polymerization times, the wafers or membranes
were removed from the glove bag, rinsed with ~100 mL of water and dried with N2. All
membrane samples in this work were prepared with a polymerization time of 24 h.

Polymerization times on Au-coated wafers ranged from 0.5 to 8 h.
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3.2.3. Characterization of Modified Au-Coated Wafers and Nylon Membranes
3.2.3.1.Fourier Transform Infrared Spectroscopy (FTIR)

Au-coated wafers modified with disulfide initiator and PMEDSAH brushes were
characterized by reflectance FTIR spectroscopy (Nicolet 6700 FT-IR spectrometer,
Thermo Scientific, with a Pike grazing angle (80°) attachment and p-polarization). A
UV/ozone-cleaned Au-coated wafer served as a background. To examine surfactant
adsorption to swollen brushes, brush-modified wafers were transferred directly from water
to surfactant solutions without drying. After a 12-h immersion in the surfactant solution,
the wafer was rinsed with ~100 mL of water from a wash bottle for ~2 min prior to drying
with N2 and obtaining a reflectance FTIR spectrum. To determine whether surfactant
adsorbs to brushes in solution and can be removed by water rinsing, wafers were not rinsed
by water after removal from the surfactant solutions. Instead, the solution on wafers was
wiped off with a KimWipe to remove surfactants in solutions, followed by IR
characterization. A bare Au-coated wafer treated in the same way served as a control. IR
data are reported as a pseudo absorbance, which is the logarithm of the ratio of the reflected
intensities from the bare wafer and from the film-coated wafer.

3.2.3.2.Ellipsometry

Both dry and swollen thicknesses and refractive indices of the polymer brushes on Au-
coated wafers were determined using a rotating analyzer ellipsometer (model M-44, J.A.
Woollam) at an incident angle of 75°. For determining the swollen thickness, brush-coated
wafers were immersed in solution in a homemade trapezoidal cell with glass windows.®?

83 To determine brush thickness and optical constants, the refractive index of the brush was
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fit using an effective medium approximation (EMA) model, as shown in Figure 3.1. For
samples in air, the EMA model contains a Cauchy material for PMEDSAH brushes along
with air-filled voids. The Cauchy material employed Eq. 3.1 to fit its refractive indices,
n()=A+5 Eq. 3.1
where n is the refractive index, A is the wavelength of incident light in um, and A and B
are constants. To characterize brushes, initial estimate values of A and B were set as 1.5
and 0.01, respectively. Initial guesses for the fractions of both polymers and air were 50%.
When samples were immersed in solutions, an ambient layer representing the solution was
set as the top material above the EMA layer (Figure 3.1b). The refractive index of the
ambient layer was determined as a Cauchy material in an experiment with reflection from
a Si wafer covered by a 25-nm thick SiO2 layer (Figure 3.1c). Since all solutions are
aqueous, the initial estimates of the parameters A and B in the Cauchy equation for the
ambient layer were set as 1.33 and 0.01, respectively. In the EMA model, initial guesses
for the fractions of polymers and solutions were 50%. The actual values of all parameters
were determined by fitting calculated data to experimental data. Ellipsometric

measurements were performed on three spots on each wafer.

a ambient: air b ambient: solution c ambient: solution
EMA EMA sio
(Cauchy + void) (Cauchy + Ambient) 2
Au Au Si

Figure 3.1. Optical models for PMEDSAH brushes in (a) air and (b) solutions. Image (c) shows

the model we used to determine optical constants of surfactant solutions.

3.2.3.3.X-Ray Photoelectron Spectroscopy (XPS)
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XPS was carried out with a Perkin-Elmer PHI 5600 ESCA system with an Al Ka X-ray
source (1486.6 eV) running at a power of 350 W at a take-off angle of 45°.
3.2.3.4.Scanning Electron Microscopy (SEM)

The surface morphology of membranes was observed with field-emission SEM (JSM-
7500F, JEOL). The membranes were mounted on the sample studs with double-sided
conductive adhesive tape. A thin layer of osmium (8 nm) was coated on the sample surface
prior to the SEM imaging, which was performed at an accelerating voltage of 5 kV. To
characterize their cross-sections, membranes were frozen in liquid nitrogen and after
removal from the nitrogen, they were quickly cracked with a razor blade to create a sharp
edge with minimal membrane deformation.

3.2.3.5.Contact Angle Measurements

Contact angles of water or hexadecane on surfaces were determined using a phone camera
and contact angle calculation software (VCA2000, AST Products). Contact angles of water
in air were determined by placing a drop of water on dry samples. To determine the surface
hydrophilicity in water and surfactant solutions, the samples were first immersed in these
solutions for 12 h. Then the samples were placed facing downward in a funnel capped with
a rubber stopper and filled with water or surfactant solutions. A drop of hexadecane was
released from beneath the samples using a syringe (Figure 3.2). We employed this method
because hexadecane droplets tend to float away from needles and surfaces in these

solutions.
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Au-Coated Wafer

Surfactant Solution

<—— Funnel

Needle

<4+—— Septum

Hexadecane with Dye

<4—— Syringe

Figure 3.2. Apparatus for the measurement of hexadecane contact angles on wafers in surfactant

solutions.

3.2.4. Determination of Membrane Permeability and Brush Swelling on Membranes

The specific fluxes through membranes (L/(m?-h-bar)), LMH/bar) were determined in
dead-end filtration using a 15-mL Amicon cell (Model 8010, Millipore) with a suspended
stir bar rotating at 45 rpm. The cell was connected to a stainless steel feed tank (standard 2
gallon pressure vessel, Pope Scientific) (Figure 3.3), and the applied pressure was constant
at 0.7 bar. Pure water permeability was determined using deionized water as the feed,
whereas the permeability in surfactant and salt solutions was measured by filling the feed
tank with those solutions. Changes in the swelling of PMEDSAH brushes on membranes

were estimated via the Hagen-Poiseuille equation (Eqg. 3.2),%

J _ nmrt

AP 8N TAX

Eq. 3.2
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where ] is the permeate flux (L/(m?-h)), r is the radius of membrane pores, n is the number
of pores per unit area, AP is the transmembrane pressure (0.7 bar), n is the dynamic
viscosity, which is almost the same for water and the solutions examined in this work,®>¢7
Ax is the membrane thickness (~100 um) and 7 is the pore tortuosity. Thus, by comparing
water permeabilities of modified membranes and bare nylon membranes and assuming
constant t and n, the pore size of modified membranes can be calculated using Eg. 3.3 and

a value for the radii of pores in the unmodified membrane.

L— (r—1)4 Eq. 3.3

o \r
The swollen thickness of brushes is equal to the difference between the pore radius of bare
membranes and brush-modified membranes. (This is a crude approximation given the
spongy nature of these membranes.) All of the filtration experiments were repeated with 2

or 3 membranes.
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Figure 3.3. Diagram of the apparatus for dead-end filtration.

3.3. Results and Discussion

3.3.1. Brush Synthesis on Au-Coated Wafers and Nylon Membranes
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Scheme 3.1 shows the SI-ATRP strategy we employ to grow polyzwitterionic brushes on
Au-coated wafers. The reflective Au surface enables brush characterization with
reflectance IR spectroscopy and ellipsometry. IR spectra confirm both the disulfide
initiator adsorption (Figure 3.4a) and PMEDSAMH brush growth (Figure 3.4b). In particular,
the presence of sulfonate stretches at 1218 and 1041 cm™, a C=0 stretch at 1731 cm™ and
a C-N stretch at 1486 cm™ are consistent with the presence of brushes on the surface. Figure
3.5 shows that both the peak height for the sulfonate stretch at 1218 cm™ and the dry
thickness of PMEDSAMH brushes increase with polymerization time, indicating continuous
brush growth. With the exception of the longest polymerization time, the sulfonate
stretching peak height and thickness increase proportionally, giving confidence in the
characterization techniques. The relatively large standard deviations in Figure 3.5 and
disagreement in IR and ellipsometry data at the longest polymerization time may suggest
a rough surface and some uncontrolled polymerization. This could stem in part from the
insolubility of PMEDSAH in common organic solvents (such as DMF) despite full
dissolution of the monomer MEDSAH. Thus, polymerization may proceed in a
heterogeneous system that gives rise to a broad molecular weight distribution and large

thickness variations.®
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Figure 3.4 (cont’d)
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Figure 3.4. Reflectance FTIR spectrum of (a) the disulfide initiator ((BrC(CH3).COO(CH2)11S),)
and (b) PMEDSAH brushes on a Au-coated Si wafer. The brush dry thickness was 412 nm.
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Figure 3.5. Dry brush thickness (blue circles) and IR absorbances of sulfonate groups at 1218 cm
! (red squares) as a function of polymerization time for PMEDSAH brushes grown on Au wafers.

Error bars represent the standard deviation of measurements on three different films.

We employed XPS to characterize the growth of the PDA-BIBB initiator and
zwitterionic PMEDSAH brushes on non-reflective nylon membranes. Figure 3.6 shows
XPS wide scan spectra of the surfaces of a bare nylon membrane, a PDA-BIBB-coated
nylon membrane, and a PMEDSAH-coated nylon membrane. After the polymerization of

dopamine-BIBB on the membrane, signals representing Br 3d (76 eV), Br 3p (188 eV) and
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Br 3s (261.1 eV) appear, which is consistent with the presence of initiating groups on the
PDA-BIBB coated surface (Figure 3.6b). The strong S 2p (172 eV) and S 2s (236 eV)
signals only detected on PMEDSAH-coated membranes (Figure 3.6¢) confirm the growth
of PMEDSAH brushes. Signals from Br remain after polymerization, suggesting that some

initiators are unreacted or some of the chain ends remain active after 24 h of polymerization.

Intensity (Arb. Units)

0 300 600 900
Binding Energy (eV)

Figure 3.6. XPS wide scan spectra of (a) bare nylon membranes and membranes modified with (b)
PDA-BIBB initiator and (c) PMEDSAH brushes.

SEM images show the differences in morphology for bare, PDA-BIBB- and
PMEDSAH-modified nylon membranes. Top-view SEM images (Figure 3.7a, b, ¢) suggest
a decreasing porosity and pore size after coating with PDA-BIBB and PMEDSAH. Cross-

sectional images (Figure 3.7d, e, f) show that the membrane remains porous throughout the
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modification steps, but due to the spongy structure, we cannot tell from these images

(Figure 3.7d, e, f) whether the pore size decreases in the membrane interior after coating.

Figure 3.7. SEM images of (a,d) bare nylon membranes and membranes modified with (b,e) PDA-
BIBB initiator and (c, f) PMEDSAH brushes. Figures a, b, ¢ are the top-view images while Figures
d, e, f are the cross-sectional images. Modification employed 48 h of PDA-BIBB deposition and

24 h of polymerization.

3.3.2. Brush Swelling and Wettability

Figure 3.8 shows the swollen thicknesses of PMEDSAH brushes on Au-coated wafers in
deionized water along with their percent swelling (compared to a dry film in air) as a
function of the dry brush thickness. In the plot, the swollen thickness appears to be a linear
function of the dry thickness, with ~150% swelling. However, the thinnest brushes (dry
thickness <20 nm) tend to swell more (~250%). This agrees with another measure of the
brush density, the ratio of the sulfonate group IR absorbance (1218 cm™) to the swollen
brush thickness.®® 7° This ratio has its lowest values in films with dry thicknesses <20 nm
(Figure 3.9). Previous research shows that the formation of intra-group, inter-chain, and

intra-chain associations in polyzwitterionic brushes yields crosslinked networks. 8 Very

73



thin brushes with short polymer chains and low chain densities likely possess fewer inter-
and intra-chain associations, leading to higher swelling in water. As brushes grow thicker,
longer chains give more chances for crosslinking and formation of denser networks. After
the dry brush thickness surpasses 20 nm, the brush density in water is relatively constant.
However, we should note that determination of swollen thickness is more prone to error

for thinner films.
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Figure 3.8. Water-swollen thicknesses (red squares) and percent swelling (blue circles) of
PMEDSAH brushes as a function of their dry thickness. Error bars represent standard deviations
of measurements on three films. Error bars are not always visible due to their small values. Swollen

thicknesses were determined in water after a 12-h immersion.
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Figure 3.9. (cont’d) Reflectance IR absorbance at 1218 cm™ (dry films) divided by the swollen
PMEDSAH brush thickness in water as a function of the dry film thickness. The ratio of IR
absorbance to swollen film thickness provides a measure of density. The plot is divided into two
regions according to dry brush thickness: I (< 20 nm), Il (> 20 nm). Error bars represent standard

deviations of measurements on three films.

We characterized surface wettability by measuring hexadecane contact angles in
both air and water. As Figure 3.10 shows, on PMEDSAH-coated wafers and membranes,
the contact angle of hexadecane increases from ~10° to 150-170° after changing the
ambient region from air to water. In most cases, hexadecane will bead up and eventually
detach from the surface on both wafers and membranes. In control experiments, bare Au-
coated wafers show hexadecane contact angles smaller than 20° in both air and water.
These results show that PMEDSAH brushes on both gold and modified nylon become

superoleophobic underwater, consistent with previous research.3% ¢

~0°c I 16° ¢ 12°

e 108 f _~150°

Figure 3.10. Contact angles of hexadecane on bare Au-coated wafers (a, b), PMEDSAH-modified
wafers (c, d) and PMEDSAH-modified membranes (g, f). The images were obtained in air (a, ¢, €)

and water (b, d, f). Images in water are rotated 180°.

3.3.3. Interactions between lonic Surfactants and PMEDSAH Brushes
PSBMA brushes are well known as anti-biofouling materials,”*"”® and they also show

significant adsorption of inorganic salts, which increases brush swelling.?® ° lonic
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surfactants contain both charged groups and alkyl backbones and possess properties of both
ions and hydrophobic molecules. Thus, surfactants may affect swelling very differently
than simple salts, so this section examines interactions between PSBMA brushes and ionic
surfactants, as well as the resulting brush swelling.

3.3.3.1.Anionic Surfactant (SDS)

3.3.3.1.1. Effect of PMEDSAH Brush Thickness on Swelling
To study SDS adsorption as a function of PMEDSAH brush thickness, we prepared an

extensive series of films with dry thicknesses varying from 2 to 700 nm. As Figure 3.11

0.05
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Figure 3.11. Reflectance IR spectra of a PMEDSAH brush before (red) and after (blue) immersion

in a 6 mM SDS solution and rinsing with water. The brush dry thickness was 340 nm.

shows, the IR spectra of PMEDSAH-coated wafers before and after immersion in SDS
solutions are essentially identical. The only difference is that the peak heights after
immersion in SDS solutions decrease by about 5%, which may indicate a small amount of
polymer degradation.”® 7 In addition, the swollen thickness in pure water is the same
before and after immersion in SDS solutions (see Figure 3.13 below), indicating that any

SDS adsorption on PMEDSAH brushes and its effect on brush swelling disappear after
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water rinsing. To characterize surfactant adsorption for films while immersed in surfactant
solutions, we dried brush-coated wafers with a KimWipe to remove surfactant solutions
prior to IR characterization but did not rinse with water. The spectra of films treated in this
way show a clear increase in the intensities of the CH2 symmetric and asymmetric stretches
at 2854 and 2927 cm™* (Figure 3.12), indicating SDS adsorption. To demonstrate that this
adsorption stems from the SDS in PMEDSAMH brush layers, rather than the SDS in residual
solution left on the surface, we performed the same experiment with a bare Au-coated
wafer. As Figure 3.12 shows, this control experiment showed no absorbance from CH:
stretches, suggesting that the new CHz peaks in SDS-exposed PMEDSAH films stem from
SDS adsorbed to PMEDSAH brushes. This result is consistent with previous research
where quartz crystal microbalance with dissipation monitoring (QCM-D) showed SDS

adsorption in PMEDSAH brushes.*®

CH, asym. str.
2927 cm?

CH, sym. str}
2854 cm?

| 0.05 | 0.005
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Absorbance

4000 3000 2000 1000 3200 3000 2800 2600
Wavenumber (cm) Wavenumber (cm?)

Figure 3.12. Reflectance IR spectra of a PMEDSAH brush after immersion in 6 mM SDS followed
by a water rinse (red), and after immersion in the same SDS solution without a water rinse (blue).
In the latter case, the film was dried with a Kimwipe to remove residual solution. A bare Au-coated
surface after immersion in 6 mM SDS without water rinsing (dried with a Kimwipe) served as a
control (green). The figure on the right expands the region of the spectrum where CH> stretches

appear. The brush dry thickness was 340 nm.
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Figure 3.13 shows the swelling of PMEDSAH brushes in both water and 6 mM SDS
solutions. We divide the data into three regions according to their dry thickness: I (<20
nm), Il (20-150 nm) and 11l (>150 nm). For PMEDSAH brushes in region I, a significant
thickness increase occurs upon transfer of brushes from water into 6 mM SDS. As
discussed above, crosslinked networks are likely present in the PMEDSAH brush, and SDS
may diffuse into the brush and screen charges on polymer chains, interrupting the
crosslinks and allowing polymer chains to stretch. Weaker polymer networks in thinner

films probably lead to a lower brush density in SDS solution than in water (Figure 3.14).
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Figure 3.13. Ellipsometric thicknesses of swollen PMEDSAH brushes in 6 mM SDS (blue circles),
as well as in deionized water before (red squares) and after (green triangles) immersion in SDS
solution and rinsing. Thicknesses are plotted as a function of dry brush thickness in ambient air,
and dashed vertical lines depict dry thicknesses of 20 and 150 nm. Error bars represent standard
deviations of measurements on three films. The error bars are often not obvious due to their small

values, and red and green symbols typically overlap.
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Figure 3.14. PMEDSAH brush density, as indicated by IR absorbance (1218 cm™ in dry films)
divided by the brush thickness in water (red squares) or by the brush thickness in 6 mM SDS (blue
circles) as a function of dry brush thickness. The plot is divided into three regions according to dry
brush thickness: I (< 20 nm), Il (20-150 nm), Il (> 150 nm). Error bars represent standard
deviations of measurements on three films. Some of the error bars are not visible due to their small
values.

In region 11, where the dry thickness of PMEDSAH brushes is between 20 and 150

nm, the swollen brush thickness in SDS is essentially constant at around 400 nm (Figure
3.13), so the brush density in 6 mM SDS increases with brush dry thickness (Figure 3.14)
and the percent thickness difference between PMEDSAH films in 6 mM SDS and in water
declines (Figure 3.15). Remarkably, even in region Il in Figure 3.13, the brush swollen
thickness in 6 mM SDS still remains constant, so the film density becomes greater than in
deionized water (Figure 3.14) and the percent thickness difference between brushes in
deionized water and in 6 mM SDS becomes negative (Figure 3.15). Chen and co-workers
reported that binding of salts like NaCl disturbs the ordering of strongly hydrogen-bonded
water molecules in the zwitterionic brush layer to disrupt superhydrophilicity.”® We think

SDS has the same effect as high concentrations of salts. In addition, the hydrophobic tail
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Figure 3.15. Percent thickness difference between PMEDSAH films in 6 mM SDS and in water as
a function of the dry brush thickness. The plot is divided into three regions according to dry brush
thickness: I (< 20 nm), 11 (20-150 nm) and 111 (> 150 nm). Error bars represent standard deviations

of measurements on three films. Some of the error bars are not visible due to their small values.

of SDS will reduce the hydrophilicity of PMEDSAH brushes. Unlike thin brushes with
short polymer chains that tend to swell upon breaking of crosslinks, thick brushes consist
of longer and more extended chains. Therefore, as brushes grow thicker, the disordered
water binding and increased hydrophobicity after SDS adsorption will lead to less brush
swelling despite disruption of crosslinking. However, even for thick films hexadecane
cannot attach to these brush-coated surfaces in 6 mM SDS, whereas a control experiment
shows that hexadecane quickly sticks to a bare Au-coated wafer (Figure 3.16). As the
contact angle only reflects the wettability of the exposedsurface,””-"° this result indicates
that the outermost brush layer is still superhydrophilic, although the brush swells less than

in deionized water.
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Figure 3.16. Contact angles of hexadecane on (a) PMEDSAH brush-modified Au-wafer in 1 mM
SDS, (b) PMEDSAH brush-modified Au-wafer in 6 mM SDS, (c) bare Au-wafer in 1 mM SDS
and (d) bare Au-wafer in 6 mM SDS. PMEDSAH brushes in (a) and (b) have a dry thickness of
260 nm.

3.3.3.1.2. Swelling as a Function of SDS Concentration

Figure 3.17 shows the percent thicknesses difference of PMEDSAH brushes in SDS
solutions (compared to in water) as a function of SDS concentrations. To examine the effect
of concentrations both above and below the SDS critical micelle concentration (8 mM),
we set the surfactant concentration range from 0.5 to 20 mM. As Figure 3.17 reveals, for
thin brushes (dry thickness < 150 nm) increasing the SDS concentration from 0.5 to 6 mM
leads to higher brush swelling, presumably due to more charge screening. With a brush dry
thickness >150 nm, increasing the SDS concentration leads to a thickness decrease. In this
case due to the more flexible and extended chains, the disordering of water molecules and
the hydrophobicity of SDS may dominate thickness changes, and thus the increase in SDS
concentration will lead to more SDS adsorption and a less swollen polymer network.
Above 6 mM, further increasing the SDS concentration has minimal effect on the swelling
of PMEDSAH brushes, probably because SDS adsorption in brush layers reaches its upper
limit near the critical micelle concentration (8 mM). Figure 3.18 shows additional data on

the swollen thicknesses and percent swelling differences (relative to in deionized water) of
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PMEDSAMH brushes in 0.5, 1, 2, 4, 12, 16, 20 mM SDS. These data follow the trends in

Figure 3.17.
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Figure 3.17. Percent thickness difference of PMEDSAH brushes in SDS solutions (compared to in
water) as a function of SDS concentration and dry thickness. Symbols in different colors and shapes
represent brushes with dry thickness of 33 nm (blue empty squares), 24 nm (green empty circles),
33 nm (blue empty squares), 67 nm (green solid diamonds), 136 nm (yellow solid triangles), 200
nm (red solid squares), and 267 nm (brown solid circles). Error bars represent standard deviations

of measurements on three films. The Y error bars are not obvious due to their small values.
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Figure 3.18 (cont’d)
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Figure 3.18 (cont’d)

k
|
@ 800 o 800%
2 16 mM SDS @D _ o 16 mM SDS
£ 600 " S 3 600%
S _ £< @
iy ¥
= E 400 .1‘&..@.;’;@ @ @ 28 400% 1 .9
s = 5 L E 5 200% 4 &
° 200 'EK‘ 8L 0% e el o
S SE
@ 0 = . . ' 52 200% A : : :
0 100 200 300 400 0 100 200 300 400
Dry Thickness (nm) Dry Thickness (nm)
m n
E 20 mM SDS 2 cooy, |§20MMSDS
il P
@ 600 o £
g 4] .:C;) 8 400% !
% 400 :ﬁ'u' e w o8 ; E 200% s
=200 {3 P L 0% ® wwee, .
c 'ml_ﬂ ] m]
% o = o -200% - T r T
E 0 100 200 300 400 0 100 200 300 400
Dry Thickness (nm) Dry Thickness (nm)

Figure 3.18. Ellipsometric thicknesses (a, c, €, g, i, k, m) and percent thickness differences relative
to in deionized water (b, d, f, h, j, I, n) of swollen PMEDSAH brushes in 0.5, 1, 2, 4, 12, 16, 20
mM SDS as a function of dry brush thickness. In the figures on the left, thicknesses of swollen
PMEDSAH brushes in SDS, as well as in deionized water before and after immersion in SDS
solution and rinsing are plotted as blue circles, red squares and green triangles, respectively. Error
bars represent standard deviations of measurements on three films. Some error bars are not visible
due to their small values. All the data in Figure 3.18 was measured using the same batch of samples

in the following order: 0.5, 1, 6, 12, 20, 4, 2, 16 mM SDS.

3.3.3.1.3. Swelling in Salt Solutions

To examine if the changes in brush swelling upon SDS addition are simple charge-
screening effects, we also characterized the swelling behavior of PMEDSAH brushes in
NaCl solutions. As Figures 3.19 and 3.20 show, low NaCl concentrations (5 mM) lead to
small increases in brush swelling below 50% (compared to swelling in deionized water),
whereas brushes in 500 mM NaCl show a swelling trend similar to that in 6 mM SDS
(compare Figure 3.13 and Figure 3.21). This suggests that disordering of water molecules

in thick PMEDSAH films decreases brush thickness in both SDS and 500 mM NaCl
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solutions. Compared with NaCl, SDS starts to induce the unusual brush swelling trends
from a much lower concentration, presumably because the hydrophobic tail of SDS favors

partitioning into the film.
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Figure 3.19. Swollen thicknesses of PMEDSAH brushes in 5 mM NaCl (blue circles), and the
deionized water-swollen thicknesses before (red squares) and after (green triangles) immersion in
NaCl (and rinsing) as a function of dry brush thickness. Error bars represent standard deviations of

measurements on three films. Some error bars are not visible due to their small values.
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Figure 3.20. Percent thickness difference between PMEDSAH films in 5 mM NaCl and in water

as a function of the dry brush thickness. Error bars represent standard deviations of measurements

on three films.
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Figure 3.21. Swollen thicknesses of PMEDSAH brushes in 500 mM NacCl (blue circles), and the
water-swollen thickness before (red squares) and after (green triangles) immersion in NaCl (and
rinsing) as a function of dry brush thickness. Error bars represent standard deviations of

measurements on three films. Some error bars are not visible due to their small values.
3.3.3.2.Cationic Surfactant (DTAB)

To examine the effect of surfactant charge on zwitterionic brushes, we selected DTAB as a cationic
surfactant because it has the same hydrophobic tail as SDS. Similar to experiments with SDS, IR
spectra show that DTAB adsorbs to PMEDSAH brushes immersed in surfactant solution (Figure
3.22), but rinsing readily removes the surfactant (Figure 3.23).
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Figure 3.22. Reflectance IR spectra of a PMEDSAH brush after immersion in 10 mM DTAB and
a water rinse (red), and after immersion in 10 mM DTAB without a water rinse (blue). In the latter
case, the film was dried with a Kimwipe to remove residual solution. A bare Au-coated surface
after immersion in 10 mM DTAB without water rinsing (dried with a Kimwipe) served as a control

(green). The brush dry thickness was 340 nm.
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Figure 3.23. Reflectance IR spectra of a PMEDSAH brush before (red) and after (blue) immersion
in 10 mM DTAB solution and rinsing. The brush dry thickness was 340 nm.

3.3.3.2.1. Effect of Brush Thickness
As Figure 3.24 shows, when dry PMEDSAH brushes are thinner than 200 nm, their

swelling in 5 mM DTAB is slightly higher than that in water (from a 70% to 0% increase
in swollen thickness as brushes grow thicker), presumably due to charge screening and
breaking of crosslinks. However, for these films the percent increase in swelling (compared
to in water) is around 10-fold lower than with 6 mM SDS. This low swelling in the solution
of cationic surfactant may occur because the quaternary ammonium cation of DTAB has
hydrophobic methyl groups that decrease partitioning into the superhydrophilic brush layer
or make films more hydrophobic. The HLB (hydrophilic-lipophilic balance) values
calculated by the Davies method for SDS and DTAB are 40 and 23.3, respectively.8!82 For
PMEDSAH brushes with dry thicknesses around 300 nm, immersion in 5 mM DTAB
results in collapsed brushes (compared to in deionized water) with a water-swollen

thickness around 400 nm, which is the same swelling behavior as in concentrated SDS
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solutions. This probably results from the disordering of water molecules and the

hydrophobic tail of surfactants.

1000

800 [
600 [
400 “

200 "

O 1 1 1
0 100 200 300 400

Dry Thickness (hm)

Swollen Thickness (nm)

Figure 3.24. Swollen thickness of PMEDSAH brushes in 5 mM DTAB solution (blue circles), and
the water-swollen thickness before (red squares) and after (green triangles) immersion in DTAB
solutions and rinsing as a function of dry brush thickness. Error bars represent standard deviations

of measurements on three films. Some error bars are not obvious due to their small values.

3.3.3.2.2. Effect of DTAB Concentration
In solutions with DTAB concentrations of 1 and 2 mM, the swelling of PMEDASH brushes

is similar with that shown in Figure 3.24 (see Figure 3.25). When the DTAB concentration
is 10 or 20 mM, however, no decrease in PMEDSAH brush swelling (relative to in
deionized water) occurs regardless of brush thickness. Instead, there is a steady brush
swelling 50% higher than in water, except for very thin films which show swelling >50%
higher than in water (Figure 3.25). Instead of moving freely on PMEDSAH brush surfaces
in 6 mM SDS and in 5 mM DTAB, hexadecane droplets attach to the brush surface in 10
mM DTAB, indicating reduced hydrophilicity of the outermost brush layers. As DTAB
molecules diffuse into PMEDSAH brushes, some of them will form ion pairs with
zwitterions, but the binding is not strong due to the hydrophobicity of DTAB. Thus, we
suppose when DTAB concentration is close to its critical micelle concentration, which is

14 mM,® the bonded DTAB molecules may form micelles with free DTAB molecules in
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the outermost brush region, decreasing the brush superhydrophilicity

preventing further DTAB diffusion into the brushes.
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Figure 3.25. Ellipsometric thicknesses (a, c, e, g) and percent thickness differences relative to in
deionized water (b, d, f, h) of swollen PMEDSAH brushes in 1, 2, 10, and 20 mM DTAB as a
function of dry brush thickness. Thicknesses of swollen PMEDSAH brushes in DTAB, as well as

in deionized water before and after immersion in DTAB and rinsing are plotted as blue circles, red

squares and green triangles, respectively. Error bars represent standard deviations of measurements

on three films. Some error bars are not visible due to their small values.
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3.3.3.3.Dead-End Filtration of Surfactant Solutions with PMEDSAH-Modified Membranes
To examine the implications of ionic surfactant adsorption to PSBMA brushes, we
performed dead-end filtrations of surfactant solutions through PMEDSAH-modified

membranes. As discussed above, thick PMEDSAH brushes decrease in thickness only in
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Figure 3.26. Dead-end filtrations of 6 mM SDS (red squares) and 2 mM DTAB (green triangles)
through (a) PMEDSAH-coated nylon membranes and (b) bare nylon membranes. Pure water

permeability (blue circles) was determined between surfactant filtrations.

SDS solutions with surfactant concentrations of 6 mM and above or in DTAB solutions
with surfactant concentrations of 5 mM and below. Thus, we prepared 6 mM SDS and 2
mM DTAB to examine the swelling of brushes on membranes. Figure 3.26 shows that pure
water permeabilities of the PMEDSAH-modified membrane and the bare nylon membrane

with a pore size of 0.45 um are ~7500 and ~13000 LMH/Bar, respectively. With the crude
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assumption of a uniform distribution of cylindrical pores with a diameter of 0.45 um, and
using Equation 3, these filtration data suggest a swollen brush thickness of ~30 nm in
deionized water. This low thickness implies that PMEDSAH brushes are much thinner than
brushes on Au-coated wafers. Based on the permeabilities of PMEDSAH-modified
membranes in surfactant solutions, the calculated swollen brush thicknesses in 6 mM SDS
and 2 mM DTAB are 180 and 130 nm, respectively. This is consistent with the high
swelling of thin brushes in 6 mM SDS (Figure 3.13) and relatively low swelling in 2 mM
DTAB (Figure 3.25). The adsorption of SDS to PMEDSAH brushes on nylon induces
charge screening and brush swelling, leading to blockage of membrane pores and
extremely low permeability. Less adsorption of DTAB, presumably due to the
hydrophobicity of its head group, induces lower brush swelling and a higher permeability.
As discussed above, rinsing with water removes SDS and DTAB from polymer brushes.
Thus, the membrane permeability returns to its original value after rinsing with water, as
Figure 26 shows. Figure 3.26b also suggests significant adsorption of multilayers of DTAB
in bare nylon membranes, probably due to the hydrophobicity of DTAB. Given the small
length of DTAB (< 2 nm) compared with the membrane pore size (0.45 um), the low fluxes
imply multilayer adsorption. In contrast, SDS decreases flux through nylon membranes by

only 30%. Figure 3.27 shows replicate data for filtrations.

91



a

'S 10000 , — :

@ } 1 1 1

I 1 1 1 1

S 7500 o°°%eed [75%e0n '

Clz 1 1 1 1

> watet SDS jwatef DTAB 1 water

% 5000 - | 1 1 1
1 1

s : ! : !

g 2500 H : . : .

&} 1 1 1 1

o J | 'A“AAAAAAAl

0 Slan— T 4
0 5 10 15 20

Time (h)

b

%5 20000 T ; —

Q 1 1 1 1

T ! 1 1 1

= 15000 A ! ! roo

= ! 1 1

- 1 1 1

210000 A ?."""I Lo

g Water: SDS : water PTAB water

2 5000 - ! ! Lo

o 1 1 1

D- O II II IIAAA‘AAI

0 5 10 15 20

Time (h)

Figure 3.27. Replicate dead-end filtrations of 6 mM SDS (red squares) and 2 mM DTAB (green
triangles) through (a) PMEDSAH-coated nylon membranes and (b) bare nylon membranes. Pure
water permeability (blue circles) was determined before and after surfactant filtrations. These
experiments were performed with a different set of membranes than Figure 3.26.

3.4.  Conclusions

This research investigated the sorption of ionic surfactants in zwitterionic PSBMA brushes
along with the resulting brush swelling. For thin brushes with dry thicknesses <20 nm, the
presence of SDS leads to a swelling increase of about 400% with respect to swelling in
water. Presumably the surfactant diffuses into the brush layer and screens charges to disrupt
ionic crosslinks and enhance aqueous swelling. In contrast, for thicker films the surfactant

decreases aqueous swelling, probably because of the hydrophobicity of the surfactant tail
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and the disordering of water molecules around zwitterions. Similar trends in swelling as a
function of dry film thickness occur in 500 mM NaCl. The more hydrophobic cationic
surfactant DTAB has less effect on brush swelling than SDS for thin brushes. However,
with low surfactant concentrations (< 5 mM) and thick (>200 nm) brushes DTAB has the
same effect as SDS: a decrease in aqueous swelling. Filtration data with brush-modified
membranes are consistent with high swelling of thin brushes in SDS, as permeability
decreases by 99.8% in 6 mM SDS. Meanwhile, the membrane permeability in 2 mM DTAB
is more than 20 times higher than that in 6 mM SDS, consistent with lower swelling of

PMEDSAMH brushes in the cationic surfactant.
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Chapter 4. Oil Coalescence on Superoleophobic Membrane Surfaces during Dead-

End and Cross-Flow Filtrations

4.1. Introduction

Membrane filtration plays an important role in oil-water separations, especially for removal
of submicron and surfactant-stabilized oil droplets from water.}* However, fouling
presents a major challenge in these and other membrane applications.>’ Foulants attach to
the surface and block membrane pores during filtration to greatly reduce membrane
permeability. As a result, frequent membrane cleaning or replacement may make filtration
unacceptably expensive.

To solve this problem, research groups around the world are creating new
membranes with excellent fouling resistance. For example, Yan and co-workers modified
ultrafiltration membranes with nano-sized alumina to resist fouling in wastewater from an
oil field.® Chang produced a poly(ethylene glycol)-coated poly (vinylidene fluoride)
membrane that resists fouling by bovine serum albumin (BSA).°® Rahimpour and co-
workers prepared anti-fouling nano-porous PVDF membranes using UV photo-grafting to
coat these substrates with both acrylate and amino monomers.*® However, these modified
membranes will most likely show fouling resistance only with diluted solutions or in the
initial filtration stage.!! In addition, the complex or expensive protocols for membrane
modification are probably not suitable for large-scale applications.t

An equally viable separation strategy could aim to use membranes not as filters but
as substrates that catalyze the coalescence of oil droplets. Coalescence has been part of
effective oil-removal methods for years,'? because tiny oil droplets do not readily separate

from water. Over time many improvements to coalescence have appeared. For example,
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plate separators employ parallel plates to prompt oil contact and coalescence.®® Induced
gas flotation relies on oil coalescing with injected air bubbles to form large and light oil-
air bubbles that float to the surface.’*1® Nevertheless, these traditional techniques can only
separate relatively large oil droplets (> 50 pum).Y’

In 2001, Nitsch and co-workers reported membrane-induced oil coalescence and
proposed a mechanism for this process.!” Many subsequent studies aimed to improve this
technique. Huck’s research group coated surfaces with polymer brushes to capture oil
droplets and release them after they coalescence.!® Yang and co-workers designed
nonwoven filter mats for the coalescence of emulsified oil droplets,'® and Agarwal and co-
workers investigated several factors that affect membrane-induced oil coalescence,
including surface roughness and orientation.? 2! The Fane group also studied factors that
affect oil coalescence on membranes, especially the pore size and imposed in-pore shear
rate.??

Most studies employ hydrophobic membranes for oil coalescence, but this chapter
describes my attempts to use a superoleophobic membrane to induce droplet aggregation.?
As reported previously, hydrophobic membranes may lose their functionality after
adsorption of a large amount of 0il.1° Thus, even for membranes that act as coalescers, too
much oil adsorption is not productive for droplet coalescence. | hypothesized that a balance
between oleophobicity and hydrophobicity may create a surface that induces oil
coalescence and simultaneously resists oil adsorption. To initially examine this hypothesis,
I prepared zwitterionic poly(sulfobetaine methacrylate) (PSBMA) brushes on different

membranes and examined whether oil will coalesce on these substrates. Although PSBMA
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brushes are superoleophobic in water,? 24 their net uncharged surface may permit weak

adsorption of charged oil droplets and subsequent coalescence.

4.2.  Experimental

4.2.1. Materials

Hydrophilic nylon membranes with nominal 0.45 pm diameter pores (25 mm diameter,
NY4525100) was obtained from Sterlitech. Hydrophilic track-etched polycarbonate
membranes with 0.2 um diameter pores were purchased from Sigma-Aldrich (25 mm
diameter, WHA110606). Si (111) wafers were obtained from University Wafer (Boston,
MA) and coated with Au at LGA Thin Films (Santa Clara, CA) by sputtering 200 nm of
gold on 20 nm of Cr on Si wafers. [2-(Methacryloyloxy) ethyl] dimethyl-(3-sulfopropyl)
ammonium hydroxide (97%, MEDSAH), 3-sulfopropyl methacrylate potassium salt (98%,
SPMK), dopamine hydrochloride (98%), 11-mercapto-1-undecanol (97%), ammonium
chloride (>99.5%), a-bromoisobutyryl bromide (98%, BIBB), 2,2’-bipyridine (>99%, bpy)
and sodium dodecyl sulfate (98.5%, SDS) were purchased from Sigma-Aldrich.
Tris(hydroxymethyl)aminomethane hydrochloride (>99%, Tris hydrochloride) was
obtained from Invitrogen, and dodecyltrimethylammonium bromide (99%, DTAB) was
acquired from Acros Organics. Bromine (100%) and triethylamine (100%) were purchased
from J.T. Baker, whereas copper (I) chloride (=99.995%), copper (II) chloride dihydrate
(299.0%) and dimethylformamide (>99.8%, DMF) were acquired from Jade Scientific.
Acetone (99.7%) and ethyl acetate were purchased from Fisher Scientific. Anhydrous
dichloromethane, hexane (analytical reagent grade, AR) and chloroform (AR) were
obtained from Macron Fine Chemicals. Dichloromethane was used as received, and

chloroform, toluene and triethylamine were dried with molecular sieves (3 A, Sigma-
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Aldrich) before use. Araldite 2020 two-component epoxy adhesive system was obtained
from Huntsman. Aqueous solutions were prepared using deionized water (Milli-Q, 18.2
MQ-cm), and the disulfide initiator, (BrC(CHs3)2COO(CH2)11S)2 was synthesized
according to literature procedures.?

4.2.2. Preparation of Polyelectrolyte Brushes on Membranes

The initiator employed in this chapter is polydopamine modified by a-bromoisobutyryl
bromide (PDA-BIBB). The protocols of initiator immobilization and polymerization of
both SPMK and MEDSAH on membranes are the same as those described in Chapter 3.
4.2.3. Contact Angle Measurement

Contact angles of water or hexadecane on membrane surfaces were determined using a
phone camera and contact angle calculation software (VCA2000, AST Products). Contact
angles in air were determined by placing a drop of water or hexadecane on dry membranes.
To determine the surface hydrophilicity in water, a drop of hexadecane was first placed on
dry membranes, followed by immersing membranes in water.

4.2.4. Emulsion Preparation and Characterization

Hexadecane submicron emulsions stabilized with SDS or CTAB were prepared and
characterized as described in Chapter 2. These emulsions were used in dead-end filtrations.
As submicron oil droplets are invisible in the direct observation though the membrane
(DOTM) system, another emulsion was prepared with a protocol described in the
literature.?® Briefly, 0.1 mmol of surfactant (SDS or CTAB) was dissolved in 1 L of water,
followed by addition of 1 mL of hexadecane. Then the mixture was stirred for 20 min at
1000 rpm with a digital stand mixer (RW20 digital dual-range mixer, IKA).

4.2 5. Dead-End Filtration
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The specific flux (L/(m?-h-bar)), referred to as LMH/bar) and observed oil rejection (R, %)
of the membranes were determined in the same apparatus using the same method as
described in Chapter 2 except for a few changes. Because of the differences in mechanical
strengths of different membranes, the applied pressure was 0.7 bar, which is half of the
pressure applied in Chapter 2, to avoid breaking or deforming membranes. To achieve more
precise control of the concentration of feed solutions, 0.68 mL of the 10% hexadecane
emulsion was added to the Amicon cell, followed by the addition of 9.32 mL of water to
keep the total volume of the feed solution at 10 mL.

Oil rejection was calculated based on the calibration curve in Figure 4.1. Several
blank solutions without hexadecane were analyzed to determine the minimum detectable
signal (average of the blank signal plus three times the standard deviation of this signal.)
Based on this minimum detectable signal and the calibration curve, the detection limit of
these analyses is 8.3 x10® M hexadecane. Hexadecane concentration in the feed solution
was measured before every filtration and compare with the calculated value to ensure the

accuracy of calibration curve.
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Figure 4.1. GC calibration curve showing a linear relationship between the ratio of GC peak area

(hexadecane/decane) and the concentration of hexadecane at high hexadecane concentration.
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All of the filtration experiments were repeated with 2 or 3 membranes. Preliminary
data only include filtration through modified nylon and track-etched membranes.
4.2.6. Visualization of Oil Coalescence on Membranes during Filtration
Oil coalescence was observed with the DOTM system shown in Figure 4.2.%% The

hydrophilic track-etched polycarbonate membrane with 0.2 um diameter pores was used
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Figure 4.2. Apparatus for DOTM system. Reprinted from reference 26 with permission from

Elsevier.

for DOTM because it is sufficiently transparent when wet. Using Araldite 2020 adhesive,
the membrane disk with a diameter of 25 mm was framed between two pieces of printing
paper. A 2.4 cm? square cutout was created on both printing papers for optical observation.
Then the framed membrane was placed in the cross-flow filtration cell and secured on the
microscope stage with the permeate side facing upwards. Flow rates of the feed and
permeate were controlled using a gear pump (drive model 75211-15, Cole-Parmer) and a
peristaltic pump (Minipuls 3, Gilson), respectively. The pressures of the feed, retentate and

permeate streams were monitored by pressure transducers (Cole-Parmer) interfaced with a
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computer. The permeate solution was collected in a beaker on a balance to record the mass
and calculate the permeate flux. During the whole filtration and observation, both pumps

were maintained at a constant setting to keep uniform flow rates.

4.3.  Results and Discussion

4.3.1. Wettability of Membranes

Membrane modification includes two steps: initiator (PDA-BIBB) immobilization and
PMEDSAH brush growth, and the reaction times of both steps may affect the wettability.
Figure 4.3 shows contact angles of hexadecane on nylon membranes modified with
PMEDSAH brushes. To examine the effect of PDA-BIBB deposition on wettability, | kept
the PMEDSAH polymerization time constant at 4 h. As Figure 4.3 shows, longer PDA-
BIBB deposition times lead to higher hexadecane contact angles, indicating more
oleophobic surfaces. We suppose this is due to higher PDA-BIBB coverage on the
membrane, which results in thicker PMEDSAH brushes or higher brush coverage. Lee
reported that PDA coverage reaches a maximum after immersing surfaces in dopamine
solution for about 24 h.2” Thus, all modified membranes for emulsion filtration employed
a 48-h deposition of PDA-BIBB. Figure 4.4 shows that with 4-h PDA-BIBB deposition,
membrane surfaces with PMEDSAH brushes polymerized for over 2 h become
superoleophobic when immersed in water, leading to oil detachment from membrane, as
shown in Figure 4.4a, b and c. To ensure the surface superoleophobicity, we employed a
24 h-polymerization to obtain preliminary filtration results. Future filtrations could
examine the fouling resistance of PMEDSAH brush-modified membranes prepared with

shorter polymerization times. As a control, the bare nylon membrane shows an underwater
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contact angle of hexadecane around 80° (Figure 4.4d), indicating relatively poor fouling

resistance to oil adsorption.

C d
h ' R

Figure 4.3. Contact angles of hexadecane (with red dye) in water on nylon membranes with a pore
size of 0.45 pum after coating with PDA-BIBB and PMEDSAH brushes. The PMEDSAH
polymerization time was 4 h, and the PDA-BIBB deposition times were (a) 1 h, (b) 2 h, (c) 3.5 h
and (d) 5.5 h.

Figure 4.4. Contact angles of hexadecane (with red dye) in water on nylon membranes with a pore
size of 0.45 pm after coating with PDA-BIBB and PMEDSAH brushes. The deposition time of
PDA-BIBB is 4 h. Polymerization time for PMEDSAH brushes is (a) 2 h, (b) 4 hand (c) 6 h. A
bare nylon membrane (d) served as a control. In Figures (a), (b), and (c), the droplet is not visible
because it detaches from the membrane.
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4.3.2. Dead-End Filtrations of O/W Submicron Emulsions
4.3.2.1.Track-Etched Membrane

4.3.2.1.1. Bare Track-Etched Membrane

As Figure 4.5 shows, during the filtration of an SDS-stabilized submicron emulsion
through bare track-etched membranes, the permeate flux is around 60 LMH/Bar, which is
only 2% of the pure water flux before filtration. This implies that many membrane pores
are at least partially blocked by the oil droplets. On the other hand, the hexadecane
concentration in the permeate is always lower than the limit of detection, indicating nearly
100% oil rejection. However, the bare track-etched membrane has a pore size of 0.2 um,
whereas only about half of the oil droplets (volume fraction) have a diameter greater than
0.2 um (see Figure 4.6a). The very high oil rejection may result from excluded volume, a
decrease in the pore size due to oil fouling, adsorption of small droplets, or droplet
coalescence. Comparison of the oil droplet diameters in the feed (Figure 4.6a) and retentate
(Figure 4.6b) solutions shows some oil coalescence, and the median droplet diameter,
termed as D50,% increases from 0.196 to 0.325 um. Nevertheless, this small increase in

droplet size does not change the milky look of the emulsion (Figure 4.7).
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Figure 4.5. (cont’d) Permeate flux and oil rejection during dead-end filtration of an SDS-stabilized

emulsion through a bare track-etched membrane.
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Figure 4.6. QOil droplet size before (a) and after (b) dead-end filtration of an SDS-stabilized

emulsion through a bare track-etched membrane.
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Figure 4.7. Images of an SDS-stabilized O/W submicron emulsion at different times during

filtration through a bare track-etched membrane with 0.2 um pores.

When we employed the bare track-etched membrane for the filtration of CTAB-

stabilized emulsions, the oil rejection is still almost 100%. (Figure 4.8) However,

demulsification begins from the start of filtration, making the emulsion gradually look like
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Figure 4.8. Permeate flux and oil rejection during dead-end filtration of a CTAB-stabilized

emulsion through a bare track-etched membrane.

milky and finally clear after 3 h of filtration (Figure 4.9). Meanwhile, the permeate flux

gradually increased during the first 3 h of filtration and then remained constant. The low

Oh

Figure 4.9. Images of a CTAB-stabilized O/W submicron emulsion at different times during

filtration through a track-etched membrane with 0.2 um pores.

initial permeate flux may stem from membrane fouling. The combination of the flux
increase and the emulsion clarification suggest that oil droplets attached to the membrane

eventually coalesce with other incoming droplets. Larger droplets likely float away from
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the membrane to the top of the solution. Stoke’s equation (Eg. 1), describes the droplet
vertical velocity, V,

2 —
V=%ﬁw"0) Eq. 1

where d is the diameter of oil droplet, pw and po are the densities of water and oil,
respectively, and pw is the dynamic viscosity of water. (The variable g represents the
acceleration due to gravity.). Larger droplets will experience stronger buoyant forces and
detach from membrane and float to the surface with relatively high velocities. Alternatively,
Nitsch and co-workers reported that as oil droplets become large enough to block
membrane pores, water occlusions may create W/O droplets, which can also float to the
surface.!” The detachment of oil from the membrane leads to less pore blocking and an
increasing permeate flux, as Figure 4.8 shows. Because we keep adding water from the
feed tank into the filtration cell, there is no new oil entering the system. After oil coalesces
and floats to the solution surface, the permeate flux remains constant around 300 LMH/Bar.
This flux is much lower than the pure water flux before emulsion filtration (2500
LMH/Bar), indicating that oil on or in the membrane still partially blocks the pores.

4.3.2.1.2. Track-Etched Membranes Modified with PDA-BIBB

As Figures 4.10 and 4.11 imply, after coating a track-etched membrane with PDA-BIBB,

the ATRP initiator, the modified track-etched membrane induces coalescence of droplets
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Figure 4.10. Permeate flux (blue) and oil rejection (red) during the dead-end filtration of an SDS-
stabilized emulsion through a track-etched membrane modified with PDA-BIBB (the PDA-BIBB

deposition time is 48 h).

stabilized by SDS, leading to a flux increase from 200 to 500 LMH/Bar and demulsification
within 1-h of filtration. This may stem from the increased roughness after the attachment
of PDA-BIBB. As Agarwal reported, higher surface roughness prompts oil coalescence by
providing strong adhesion with oil and increasing coalescence efficiency.?’ However, this

coating seems to prevent the coalescence of oil droplets stabilized by CTAB, as the flux

0.25h 0.5h

Figure 4.11. Images of an SDS-stabilized O/W submicron emulsion at different times during dead-
end filtration through a track-etched membrane modified with PDA-BIBB (the deposition time is
48 h).
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does not greatly increase over 9 h or filtration (Figure 4.12). Additionally, there is only a

small difference in oil droplet sizes before (D50 = 0.176 um) and after filtration (D50 =

0.205 pum) of the CTAB-stabilized emulsion, as Figure 4.13 shows.
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Figure 4.12. Permeate flux (blue) and oil rejection (red) during the dead-end filtration of CTAB-

stabilized emulsion using a track-etched membrane modified with PDA-BIBB (the deposition time

is 48 h).
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Figure 4.13 (cont’d)
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Figure 4.13. Oil droplet size distribution before (a) and after (b) dead-end filtration of a CTAB-
stabilized emulsion through a track-etched membrane modified with PDA-BIBB (deposition time:

48 h).
4.3.2.1.3. Track-Etched Membrane Modified with PMEDSAH Brushes

The data in Figures 4.14 and 4.15 indicate that track-etched membranes modified with
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Figure 4.14. Permeate flux (blue) and oil rejection (red) during the dead-end filtration of an SDS-
stabilized emulsion through a track-etched membrane modified with PMEDSAH brushes (the

polymerization time was 12 h).

superoleophobic PMEDSAH brushes do not induce rapid demulsification of submicron
emulsions stabilized by SDS. However, the permeate flux initially increases with time and

oil droplets also become marginally larger (D50 increase from 0.213 to 0.268 um) after
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10-h filtration. This is probably because the superoleophobicity of PMEDSAH brushes

resists oil adsorption, which is the first step for membrane-induced oil coalescence.’
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Figure 4.15. Qil droplet size before (a) and after (b) dead-end filtration (10 h) of an SDS-stabilized
emulsion through a track-etched membrane modified with PMEDSAH brushes (polymerization
time: 12 h).

4.3.2.2.Nylon Membranes

4.3.2.2.1. Bare Nylon Membrane

Demulsification occurs for both SDS- (Figure 4.16) and CTAB-stabilized emulsions
(Figure 4.17) during filtration through bare nylon membranes. Since the pore size (0.45
pm) of bare nylon membranes is larger than around 80% of the oil droplets, much of the
oil should pass through unfouled membranes. However, the negligible oil concentration in
the permeate, which is lower than the detection limit, suggesting that oil adsorbs to the
membrane and decreases pore sizes. Increases in flux at long times and solution
clarification indicate eventual oil droplet coalescence. The pure water flux through a bare

nylon membrane was ~13000 LMH/Bar.
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Figure 4.16. Permeate flux (blue) and oil rejection (red) during dead-end filtration of an SDS-
stabilized emulsion through a bare nylon membrane with a pore size of 0.45 pum. The photos show

the O/W submicron emulsion at different times during the filtration.
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Figure 4.17. Permeate flux (blue) and oil rejection (red) during the dead-end filtration of a CTAB-
stabilized emulsion through a bare nylon membrane with a pore size of 0.45 um. The photo shows

the O/W submicron emulsion after 2 h of filtration.

4.3.2.2.2. Nylon Membranes Modified with PMEDSAH Brushes

For emulsions stabilized with SDS, oil coalescence occurs during the filtration with nylon

membranes modified with PMEDSAH Brushes and leads to demulsification after 5 h
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(Figure 4.18). As discussed above, oil coalescence leads to less pore blocking and a

resulting increase in permeate flux. The bare nylon membrane shows a drastic flux increase
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Figure 4.18. Permeate flux (blue) and oil rejection (red) during dead-end filtration of an SDS-
stabilized emulsion through a nylon membrane modified with PMEDSAH brushes (24 h
polymerization time). The photo shows the O/W submicron emulsion after 2 h-filtration. The pure

water flux through the modified membrane was 2600 LMH/Bar.

after 3 h of filtration, but after modification with PMEDSAH brushes, the permeate flux
starts to increase dramatically after 5 h of filtration. The superoleophobic coating likely
resists some oil attachment in the beginning and delays the demulsification process. As a
comparison, the filtration of an SDS-stabilized emulsion using PSPMK-modified
membranes (Figure 4.19) leads to a constant permeate flux. As discussed in Chapter 2, this
is due to the electrostatic repulsion between negatively charged oil and polyanionic brushes.
Thus, we suppose that although the zwitterionic PMEDSAH brushes are superoleophobic,
without the strong electrostatic repulsion between oil droplets and the surface, these

brushes cannot resist all oil adsorption in dead-end filtration.
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Figure 4.19. Permeate flux (blue) and oil rejection (red) during dead-end filtration of an SDS-
stabilized emulsion through a nylon membrane modified with PSPMK brushes (the polymerization

time was 24 h).

For CTAB-stabilized emulsions, we did not observe obvious oil coalescence and
demulsification during filtration through the PMEDSAH-modified membranes. Figure
4.20 shows the permeate flux and oil rejection during filtration. The small flux increase
may stem from either brush collapse after fouling or the coalescence of a small part of oil.
The latter may be more convincing since brush collapse may induce a much higher flux
increase. According to the Hagen-Poiseuille equation, which I described in Chapter 2, a
small change in pore radius will make a significant change in permeate flux. However, this

needs to be confirmed by comparing droplet sizes before and after filtration.
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Figure 4.20. Permeate flux (blue) and oil rejection (red) during dead-end filtration of a CTAB-
stabilized emulsion through a nylon membrane modification with PMEDSAH brushes (24-h

polymerization time).

4.3.3. DOTM

As Figure 4.2 shows, the DOTM system employs cross-flow filtration, and the flow
tangential to the membrane may result in less chances for oil contact and coalescence than
in dead-end filtration. Because the DOTM pressure and flux data are still not available, |
only show qualitatively whether droplet coalescence was visible and compare these results
with the dead-end filtration data (Table 4.1). For some types of membranes, the
disagreement in oil coalescence between cross-flow and dead-end filtration may result
from the different emulsions used in the two system or types of filtration (dead-end and
cross-flow). The particle size in the emulsions employed in cross-flow was generally over
10 pum to permit visualization.

Table 4.1. Results of oil coalescence in dead-end filtration and crossflow (DOTM) through bare

and modified track-etched membranes. “Y” represents clear oil coalescence and demulsification,
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(cont’d) whereas “N” indicates no obvious oil coalescence, even if a small increase in oil droplet

size appeared.

SDS-emulsion CTAB-emulsion
dead-end DOTM | dead-end DOTM
filtration filtration
bare track-etched N N Y Y
PDA-BIBB-modified Y N N Y

track-etched
PMEDSAH-modified N N N N
track-etched

4.4. Conclusions

Despite its wide use as an anti-fouling material, the zwitterionic PSBMA brush does not
show strong resistance to fouling with submicron oil droplets in dead-end filtrations. For
emulsions stabilized with either SDS or CTAB, oil droplets adsorb on this brush surface
and block pores, leading to a low permeate flux. However, this oil adsorption may induce
oil coalescence, which can break the emulsion and increase the permeate flux. Previous
studies about membrane coalescence mainly focused on hydrophobic membranes since oil
can attach and coalesce more on these surfaces. Our work shows that a less anti-fouling
coating such as the PSBMA brush can also induce oil coalescence, but it does not foul and
saturate with oil as easily as hydrophobic membranes. However, more experiments are
needed to better understand oil coalescence on PSBMA-modified membranes and design

a membrane that can better induce oil coalescence and resist fouling.
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Chapter 5. Summary and Future Work

5.1. Research Summary

This dissertation summarizes my Ph.D. research, which includes an in-depth study of the
swelling of polyelectrolyte brushes in both water and surfactant solutions, fabrication of
polyanionic brush-modified membranes with nearly 100% oil rejection and strong fouling
resistance, and development of a superoleophobic membrane that can potentially resist
fouling and prompt oil coalescence simultaneously.

Chapter 2 describes the superoleophobicity of polyanionic brushes and their
application as an anti-fouling layer in the filtration of O/W submicron emulsions. The
poly(3-sulfopropyl methacrylate potassium salt) (PSPMK) brush swells by up to 280% and
is superoleophobic in water. The density of PSPMK brushes created through surface-
initiated atom transfer radical polymerization increases with polymerization time. Due to
electrostatic repulsion, the anionic PSPMK brushes completely resist the adsorption of
anionic surfactants. Moreover, microfiltration membranes modified with PSPMK brushes
show almost 100% oil rejection and minimal fouling during dead-end filtration of
emulsions stabilized with anionic surfactants. Nevertheless, strong electrostatic attraction
induces adsorption of cationic surfactants as well as positively charged oil droplets on the
brush layer, leading to brush collapse and membrane fouling. Ellipsometric data further
show that less dense brushes at low cationic surfactant concentrations are more likely to
collapse.

Chapter 3 focuses on the swelling of zwitterionic poly(solfobetaine methacrylate)
(PSBMA) brushes in ionic surfactant solutions. Similar to the effect of inorganic salts, both

anionic and cationic surfactants adsorb to PSBMA brushes and change swelling
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significantly. The extent of PSBMA swelling or collapse depends on the surfactant charge
and concentration, as well as the brush thickness. These changes of brush swelling may
stem from a combination of charge-screening, disordering of water molecules around
zwitterions and the surfactant hydrophobicity. Filtration of surfactant solutions with
PMEDSAH brush-modified membranes confirms high swelling of thin brushes with
anionic surfactants and less swelling with cationic surfactants.

Chapter 4 presents my attempts to modify surfaces with zwitterionic PSBMA
brushes to achieve fouling resistance and oil coalescence simultaneously. Both dead-end
and cross-flow filtrations of submicron emulsions with different membranes show the
effect of the membrane substrate on oil coalescence. As the preliminary data demonstrate,
oil coalescence occurs on PSBMA brush-modified nylon membranes, whereas track-
etched membranes with the same coating do not induce oil coalescence. This may result
from the higher roughness on the nylon membrane surface. It also implies zwitterionic
PSBMA brushes cannot completely resist oil adsorption due to the lack of strong
electrostatic repulsion. Nevertheless, this weaker fouling resistance allows oil droplets to

attach to the membrane, coalesce with other droplets and finally detach from the membrane.

5.2. Future Work: Membrane Modification with Zwitterionic Brushes for Oil
Coalescence and Fouling Resistance

As described in Chapter 4, membrane-induced oil coalescence depends on various factors
such as surface roughness, pore size and filtration pressure.' To fabricate a surface coating
for both oil coalescence and fouling resistance, all of these factors may need to be

considered, which requires a deeper understanding of oil coalescence, especially on
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membrane surfaces. In addition, more experiments are needed to optimize the surface
coating and evaluate the resistance to fouling and oil coalescence.

5.2.1. Membrane Characterization

The preliminary data mainly focus on membrane filtration, but an explanation for these
filtration results requires more information about the membrane. Scanning electron
microscope (SEM) and atomic force microscope (AFM) can provide morphology
information, such as the roughness and the pore size and porosity changes after membrane
modification. Determination of zeta potentials of membranes is also important for this
research, since it can identify the sign and estimate the magnitude of the charge that the
zwitterionic PSBMA brushes carry. Such information will help us to understand the
interaction between oil droplets and membrane surfaces. | hypothesize that a nearly neutral
membrane surface may be a good choice for providing some fouling resistance while
enhancing coalescence. Firstly, less charge ensures that the surface will not completely
repel oil droplets with the same charge. This is vital since weak oil attachment on
membrane surface is the first step of coalescence.* In contrast, when the oil and the surface
are oppositely charged, a nearly neutral surface will avoid extensive oil adsorption or even
oil saturation.®

5.2.2. Dead-End and Cross-Flow Filtrations of the Same Emulsion.

Due to the invisibility of submicron oil droplets, we employed another emulsion with much
larger oil droplets (~ 10 um) for DOTM experiments, as Chapter 4 describes. To compare
the effects of dead-end and cross-flow filtration on oil coalescence on membranes,
emulsions employed in the two filtrations should be the same. Thus, dead-end filtrations

of emulsions with larger oil droplets are necessary. From another point of view, this
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experiment is also helpful to observe the coalescence of oil droplets in different sizes
during dead-end filtrations.

5.2.3. Compare Zwitterionic Brushes with Neutral Hydrophilic Brushes

As discussed earlier, the nearly zero net charge on zwitterionic brush surfaces may allow
both anti-fouling and oil coalescing purposes. However, neutral hydrophilic brushes such
as poly(poly(ethylene glycol) methacrylate) (PPEGMA) and poly(2-hydroxyethyl
methacrylate) (PHEMA) also have that potential.® Unlike zwitterionic brushes, these
neutral brushes don’t have the strong intra-group, inter-or intra-chain interactions,” & and
this may lead to a less hydrated brush layer. Thus, these brushes may foul more easily, or
even saturate with oil like traditional hydrophobic membranes.® This hypothesis needs to

be verified by experiments.
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