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Abstract

Oil is a widespread pollutant from oil spills to industrial oily wastewater in the oil and
gas, metalworking, textile and paper, food processing, cosmetics, and pharmaceutical in-
dustries. A wastewater of particular concern is produced water, an oily waste stream from
hydrocarbon extraction activities. Worldwide, over 2.4 billion US gallons of produced wa-
ter is generated every day. Membrane technologies have emerged as the preferred method
for treating these wastewaters; this has allowed operators to reclaim and reuse fresh water
for potable, industrial, and agricultural use and to meet waste discharge regulations. Yet,
despite their technological predominance, membranes can become severely fouled and ir-
reversibly damaged when bulk and small stabilized oil droplets, emulsions, are present in
intake streams. In this thesis, we seek to mitigate these deleterious effects through several
means.

First we seek to better understand fouling by oil-in-water emulsions on conventional
polymeric ultrafiltration membranes. We investigate the decrease in water production over
time using model and actual produced water samples with varying solution zeta potentials
and make meaningful recommendations to operators based on our observations. Next, we
develop a robust multifunctional membrane which can in one step degrade organic pollutants
and separate bulk and surfactant-stabilized oil/water mixtures while achieving high fluxes,
high oil rejection, and high degradation efficiencies.

Finally, we investigate the potential of novel in-air hydrophilic/oleophobic microfiltration
and reverse osmosis membranes for their anti-oil fouling performance relative to conventional
hydrophilic/oleophilic membranes. Contrary to claims in literature of superior performance,
we find that in-air oleophobicity does not aid in underwater anti-fouling due to surface
reconstruction of mobile perfluoroalkyl chains in the presence of water. Based on these
observations, we discuss opportunities for future research on oil anti-fouling membranes
using fluorinated moieties.

Thesis Supervisor: John H. Lienhard V
Title: Abdul Latif Jameel Professor, Department of Mechanical Engineering
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Chapter 1

Introduction

The separation of oil from water is a crucial wastewater treatment step in many industries

including oil and gas, metalworking, textile and paper, food processing streams, cosmetics,
and pharmaceuticals [2]. Oil/water separation is also required for treating oil spills which
can cause significant environmental damage if not treated effectively and quickly [3]. An

oily wastewater of emerging concern is produced water, a waste stream from hydraulic

fracturing processes.

1.1 Produced water

Oil and gas companies produce between seven and fifty barrels of produced water for every

barrel of oil. This amounts to upwards of 2.4 billion US gallons of wastewater produced per

day worldwide which much be treated or properly disposed [4]. Among the many contami-

nants in produced water [5], these wastewaters contain small, hard-to-separate (emulsified)

oil droplets which must be removed by well operators when recycling or disposing of these
waters. To do so, companies usually rely on chemical coagulation, a costly and often
ineffective method of emulsion removal that requires expensive and hazardous chemicals

which produce a useless sludge. The sludge must be disposed, typically by trucking to an
off-site dumping reservoir or an open pit where natural water resources can become con-

taminated [4]. Due to the high cost of water treatment, wastewater is often injected into

disposal wells rather than treated, resulting in contamination, high water consumption, and

even seismic activity [6, 7]. As such, the industry has come under increasing political and

economic pressure to more efficiently manage the billions of gallons of produced water from

their oil and gas extraction activities.

1.2 Oil/water separation technologies

There are many technologies available for treatment of oily wastewaters. The concentration

and size of dispersed oil in these waters typically dictates which treatment technology is

used. Oil/water mixtures can be classified into three categories based on oil droplet diameter
d: free mixtures d > 150 pm, dispersions 20 < d < 150 pin, and emulsions d < 20 ym [2].

Emulsions can be either oil-in-water (oil as the dispersed phase, water as the continuous
phase) or water-in-oil (water as the dispersed phase, oil as the continuous phase) depending
on surfactant type, volumes of both phases, temperature, pH, and other factors [8, 9]. In
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this thesis, we focus on water-in-oil emulsions due to their prevalence in produced water

and other industrial oily wastewaters [2, 5, 10, 11].

Gravity-based separation technologies, such as lamella clarifiers, are often used as pri-
mary treatment for oily wastewaters because they are effective for free and dispersed

oil/water mixtures. This is because droplets with a diameter of > 25 Am have faster

settling velocities, as predicted by Stokes' law, than droplets < 10 Am [12]. The retentate
streams from these treatment systems, therefore, typically contain oil in an emulsified form.

Emulsified oil can be stabilized by surfactants, polymers, asphaltenes, or other solids which

accumulate at the oil-water interface [8, 13].

Several technologies exist for treatment of the remaining emulsified oil. These technolo-
gies include chemical coagulation, dissolved air filtration, hydrocyclones, media filtration,
and polymeric or ceramic membranes. Operators must balance four criteria when choosing

a technology to use: power requirements, footprint and weight, oil and particulate rejection,
and cost.

1.2.1 Chemical coagulation

Chemical coagulation is the addition of highly charged metal cations and polymers to re-

duce the repulsive double layer which surrounds each droplet, reducing the electrostatic
repulsive energy barrier consequently reducing coalescence times. This process, however, is

highly susceptible to variable influent quality, requires time consuming jar testing for careful

chemical selection, is ineffective for small droplets, has a large footprint, and produces large
volumes of sludge [2]. Although more responsive to variable influent quality and operable

at smaller system footprints, electrocoagulation/flocculation, like chemical coagulation, is
ineffective for small droplets and also creates large volumes of sludge [4, 14].

1.2.2 Dissolved air flotation

Dissolved air flotation (DAF) uses gas bubbles to remove suspended particles that are
difficult to separate through sedimentation. DAF suffers from high system complexity as
well as high operation and maintenance costs [4, 5]. DAF systems are also ineffective at

removing particles and oil droplets smaller than 10 Am [5].

1.2.3 Hydrocyclones

Hydrocyclones separate solids and oils from water based on density differences between

phases. They are robust, mobile, and are operable with small system footprints relative

to chemical coagulation and DAF, but suffer from high capital and energy costs [4, 5].
Furthermore, hydrocyclones are ineffective at removing particles and oil droplets smaller

than 10 jm [5].

1.2.4 Media filtration

Media filtration uses various types of media such as walnut shell, gravel, or anthracite to
separate particles by adsorption and steric exclusion. While media filtration is an efficient

way to remove free and dispersed oil and grease, it is ineffective at removal of sub-micron
oil droplets and particulates and suffers from high maintenance costs [5].
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1.2.5 Membrane filtration

Polymeric/ceramic microfiltration (MF) and ultrafiltration (UF) are applicable to chal-

lenging wastewaters and are able to consistently separate small emulsified oil droplets in

addition to other suspended solids. Relative to other technologies, they use less energy and

are highly modular and mobile [4]. As a result of these advantages, MF and UF treat-

ment systems have emerged as the preferred method for oily wastewater treatment and

desalination pretreatment [2, 5, 10, 11, 15].

1.3 Membrane technologies

In addition to separation of emulsified oil from water, many produced water streams also

require desalination for reclamation or reuse. For these very salty feedwaters, thermal

technologies are frequently used although reverse osmosis (RO) membrane technologies are

predicted to energetically outperform them [16] and may eventually be used for these highly
saline feed waters as well. To summarize, membrane technologies are supplanting other es-

tablished technologies not only for oil/water separation but for salt separation (desalination)
as well.

One of the main impediments to using RO for the desalination of oily wastewaters is

that RO membranes have an extremely low tolerance for oil in the feed stream [17]. Organic

fouling by oil and grease can cause irreversible and severe decreases in permeability along

with possible degradation of the membrane. Organic emulsions, in particular, can form

a film on the membrane surface and must be removed in pretreatment. For their RO

membranes, DOW recommends an extraordinarily low maximum contaminant level of 0.1
mg/L of oil in the feed stream [18]. DOW reports that oil fouling is especially difficult to

remove from a membrane surface once it has occurred.
In addition to RO, MF and UF membranes are also severely affected by free, dispersed,

and emulsified oil fouling [2, 19-22]. Because membrane systems are so effective at treatment

and desalination, however, improving their fouling resistance to organic foulants such as oil

has been an area of great academic focus. For decades, researchers have made efforts to
develop anti-fouling membranes by increasing the hydrophilicity of membrane surfaces [23-
25]. While these investigations have yielded significant gains in membrane resistance to

fouling, researchers continue to find new ways to push the limits of anti-fouling performance.

Recently, exciting new surfaces which are simultaneously hydrophilic and oleophobic in-

air have been reported in the literature [26-31]. The properties which endow these surfaces

with their unique in-air wettability have been applied to porous materials and membranes

for free and emulsified oil/water separation with reported high rejection and anti-fouling

performance [26, 27, 29, 30, 32-34].
For instance, Kota et al. used a hybrid coating comprised of hydrophilic and hydropho-

bic/oleophobic (omniphobic) fluorocarbon moieties to create a membrane which allows for

water passage during filtration of oil-in-water and water-in-oil emulsions and even bulk

oil-water mixtures [26]. This filter, which was hydrophilic and oleophobic in an air envi-

ronment, demonstrated high oil rejection and high fluxes with little fouling in steady state.

Another research group added an omniphobic fluorocarbon moiety during the production
of a polymeric membrane to create a filter which was also hydrophilic and oleophobic in
an air environment. Dead-end and crossflow experiments were used to show that the novel
membranes which contained the fluorocarbon compounds fouled less during oil-water emul-
sion filtration than benchmark membranes without the compound [31]. These are exciting
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developments which are investigated in the latter chapters of this thesis.

1.4 Thesis aims

In this thesis, we contribute to the field of oil/water separation through several studies:
In Ch. 2, we seek to better understand fouling by oil-in-water emulsions on conventional

polymeric ultrafiltration membranes. We investigate the decrease in water production over
time using model and actual produced water samples with varying solution zeta potentials
and make meaningful recommendations to operators based on our observations.

In Ch. 3, we develop a robust multifunctional membrane which can in one step degrade
organic pollutants and separate bulk and surfactant-stabilized oil/water mixtures with high
fluxes, oil rejection, and degradation efficiencies.

Finally in Ch. 4 and Ch. 5, we investigate the potential of novel in-air hydrophilic
and oleophobic MF and RO membranes for their anti-oil fouling performance relative to
conventional hydrophilic and oleophilic membranes. Contrary to claims in literature of
superior filtration performance, we find that ,in-air oleophobicity does not aid in underwater
anti-fouling due to surface reconstruction of mobile perfluoroalkyl chains in the presence
of water. Based on these observations, we discuss opportunities for future research on oil
anti-fouling membranes using fluorinated moieties.

Overall, this thesis contributes to the field of oil/water separation by better under-
standing fouling mechanisms on conventional membranes, by making advances in filtration
and purification technology via novel multifunctional membranes, and by investigating the
potential of membranes with unique in-air wettability for enhanced underwater oil filtration.
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Chapter 2

Effect of oil-in-water emulsion
surfactant charge on ultrafiltration
membrane fouling in dead-end and
crossflow filtration

Chapter abstract

In this chapter, we assess the role that surfactant head charge plays during surfactant-
stabilized oil-in-water emulsion fouling of polymer ultrafiltration membranes. The extent
of fouling was determined by steady state flux in constant pressure dead-end batch and
crossflow filtration. Emulsions are prepared with anionic (SDS), nonionic (Tween 80),
and cationic (CTAB) surfactants which have droplet size distributions and concentrations
representative of oily wastewater obtained from hydraulic fracturing operations. In dead-
end batch filtration, cationic and anionic emulsions result in similar fouling while nonionic
emulsions are observed to destabilize easily. In crossflow filtration, cationic emulsions are
observed to result in the lowest steady state flux followed by nonionic and finally anionic
emulsions. These results suggest that droplet-droplet electrostatic repulsion dominates
fouling in dead-end batch filtration while droplet-membrane electrostatic interactions are
more relevant in crossflow operations. We also filter two produced water samples with
nearly neutral zeta potentials in dead-end batch mode and observe that fouling was most
similar to anionic and cationic (not nonionic) emulsions, implying that oily wastewaters in
the produced water space may be stabilized by steric rather than electrostatic repulsion.
Applying fouling blocking models, we may infer that nonionic emulsions form cakes while
anionic and cationic surfactants completely and partially block membrane pores indicative
of a thin coating of oil on the membrane surface. On the basis of steady state flux results,
we recommend that anionic surfactants be used to stabilize emulsions treated by crossflow
filtration and nonionic surfactants be used to stabilize emulsions treated by dead-end batch
filtration.
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2.1 Introduction

Oil-water separation is a crucial step in the remediation of wastewater from many industries

including oil & gas, metalworking, textile and paper, cosmetics, and food [2]. Oil-in-water

mixtures can be classified into three categories based on oil droplet diameter d: free mix-

tures d > 150 pim, dispersions 20 < d < 150 pm, and emulsions d < 20 pLm. Efficient

separators for emulsions, in particular, are of interest because conventional technologies

such as gravity-based separation, heating/cooling, and chemical coagulation are more ef-

fective for free mixtures and dispersions and are too complex, costly, or simply unable to

effectively treat emulsions [2, 5]. Streams containing oil-water emulsions must also be nearly

oil free if they are to be desalinated using a membrane-based process. The DOW Chemical

Company, for instance, recommends less than 0.1 part per million of oil and grease for their

FILMTEC line of reverse osmosis membranes [18]. For emulsion treatment, ultrafiltration

(UF) and microfiltration (MF) are finding increasingly widespread use due to their low cost

and energy efficiency [10, 35].

While membrane systems are considered to be the benchmark in emulsion treatment,

an outstanding issue is the deleterious effect of oil fouling on the membranes over time.

During constant pressure filtration, fouling causes a decline in flux over time resulting

in reduced permeate production. This leads to system oversizing to compensate for the

permeate lost by fouling. During constant flux filtration, fouling causes an increase in

applied trans-membrane pressure over time resulting in increased energy costs. The rise

in pressure leads to increased energy consumption. In both constant pressure and flux

filtration, mechanical cleaning, backwashing, or chemically enhanced cleaning methods are

used to restore membrane permeability. The extent of permeability restoration also declines

over time due to irreversible fouling [36, 37]. In sum, fouling is important to understand

and minimize as it increases plant capital and operating expenditures.

An oily wastewater of emerging concern is the effluent from hydraulic fracturing opera-

tions known as produced water [5]. Produced waters can contain up to 1500 mg/L of total

organic carbon and up to 60 mg/L of oil/grease [5], much of which is in an emulsified form.

We use these wastewaters as the model foulant in this chapter.
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Emulsions are kept stable for long periods of time by an emulsifier or surfactant. These

agents keep oil droplets from coalescing by electrostatic or steric repulsion and by reducing

the liquid-liquid interfacial surface tension. These agents are sometimes added intention-

ally to aid in hydrocarbon extraction but may also enter the feeds naturally during the

extraction process. Typical emulsifiers found in produced water include paraffins, metallic

salts, organic acids, resins, colloidal silts and clay, asphaltenes, and polymers [13]. These

emulsifiers are able to stabilize oil droplets by predominantly steric rather than electrostatic

repulsion. Other types of stabilizers are surfactants, which can be categorized according to

the charge of their hydrophilic head: anionic (-), cationic (+), nonionic (0), and amphoteric

( ) [8]. The nature of membrane fouling by anionic, nonionic, and cationic surfactants has

been investigated in the literature and the shape and charge of the surfactant head play an

important role in fouling [38, 39].

MF and UF fouling by oil-water emulsions is a complex process affected by oil and

surfactant concentration, oil droplet size, emulsion stability, and operating conditions [19,

20, 40-44]. Although explored to a lesser extent, surfactant and membrane zeta potentials

also play a significant role during fouling and irreversible permeability loss. In an aqueous

environment of neutral pH, polymer and ceramic membranes have a negative zeta potential

(a proxy for surface potential) while surfactant potentials are primarily determined by the

valence of the head charge. During filtration, surfactant and membrane potentials result

in droplet-droplet and droplet-membrane electrostatic interactions which we find to be

of crucial importance in fouling severity. Lu et al. [43] found that diesel and crude-oil

emulsions stabilized by a nonionic surfactant (polyoxyethylenesorbitan monooleate, Tween

80) resulted in the least irreversible fouling for cycles of dead-end batch filtration and water

rinsing using ceramic ultrafiltration membranes. The extent of irreversible fouling increased

for the cationic (cetyltrimethylammonium bromide, CTAB) surfactant and was greatest for

the anionic surfactant (sodium dodecyl benzenesulfonate, SDBS).

In this chapter we determined the effect of surfactant charge on the fouling severity

in the filtration of oil-water emulsions using a polymer (polyacrylonitrile) ultrafiltration

membrane in both dead-end batch and crossflow filtration modes. We studied two filtration

modes to compare fouling in the different applications where each mode is used. There are
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two main differences between both modes of filtration. Firstly, in dead-end batch, feedwater

flows perpendicular to the membrane surface while it flows parallel to the membrane surface

in crossflow. More importantly, the emulsion concentration rises in the cell over time in

dead-end batch filtration while it stays relatively constant in crossflow filtration. While

dead-end batch filtration tests are easier to perform in the laboratory and, thus, are often

used by researchers to characterize membrane performance or assess the fouling potential

of certain feedwaters, these tests are also representative of dead-end hollow fiber filtration,

which are often used to achieve high permeate recoveries during treatment [22]. Therefore,

our results for dead-end batch tests may be relevant to these hollow fiber systems. Crossflow

filtration systems are also widely used and experience less fouling compared to dead-end

systems [36].

We characterized six samples of produced water, our model foulant, to assess oil con-

centration, suspended droplet size distribution, pH, and zeta potential. We prepared three

model oil-in-water emulsions using anionic (sodium dodecyl sulfate, SDS), nonionic (Tween

80), and cationic (CTAB) surfactants which were representative of produced water samples

based on oil concentration and volume-based droplet size distribution. We investigated the

extent of flux decline in constant pressure dead-end batch and crossflow filtration using

these model emulsions. We found that the extent of fouling differs greatly as a function of

surfactant charge and filtration mode (dead-end batch vs. crossflow). We also filtered two

produced water samples in dead-end batch mode and results are compared to model emul-

sions. To infer which fouling mechanisms may have prevailed during fouling, we applied

classic blocking filtration laws considering both fouling deposition and removal to the flux

decline curves.

2.2 Blocking law theory for constant pressure filtration

Fouling refers to the decrease in water production due to the increase of hydraulic resistance

in membrane systems over time. It is a complex, kinetic process determined by the rates of

particle deposition and removal from the membrane surface and pores. Regarding particle

deposition, four mechanisms exist for fouling of porous membranes by suspended solids
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during filtration: complete pore blocking, internal pore blocking, partial pore blocking, and

cake filtration. These physical mechanisms were first described by Hermans and Bred6e [45]

and compiled and expanded by Hermia for dead-end flow applications [46]. The models can

be expressed in terms of permeate flux J as a function of time t, a proportionality constant

Ka, and an exponent n which denotes the mode of fouling:

d J
= Kn J3 -n (2.1)

dt

The constant Kn is often found by curve fitting and the fouling modes are given by n = 2

for complete pore blocking, n = 1.5 for internal pore blocking, n = 1 for partial pore

blocking, and n = 0 for cake filtration. Complete pore blocking occurs when large particles

in solution block the entirety of a pore mouth preventing permeate from flowing through the

pore. Internal pore blocking refers to the decrease of the effective radius of membrane pores

as smaller particles enter the mouths and adsorb onto pore walls. Partial pore blocking

occurs when a single or multiple particles partially cover each pore. Cake filtration occurs

when a porous layer, or cake, of particles forms and increases in thickness on the membrane

surface acting as an in-series hydraulic resistance.

While useful and widely used, the models given by Eq. 2.1 only consider the deposition

portion of the fouling process. Without a removal term, the final flux during filtration

would mathematically be zero for long times (t -- oc) as foulant continues to deposit onto

the membrane surface. In order to study these models, many researchers use pressurized

dead-end flow filtration cells without stirring in an effort to minimize particle removal.

To infer which fouling mechanism may have been most prevalent during flux decline

experiments, we use equations developed by Field et al. [40, 47]. These equations include

a final flux term that effectively allows for the consideration of foulant removal during

filtration. There are two sets of equations, the time-flux and time-flux-volume, which we

summarize in Table 2.1. To use the equations, we assume that the particles contributing to

flux decline do not coalesce (where two or more suspended oil drops join to form a single

droplet) at the membrane surface or within a cake and that their removal rate is constant

with respect to time. We assume that foulant removal from the membrane surface occurs
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Table 2.1: Time-flux and time-flux-volume set of equations for fouling mechanism
analysis where J* is steady state flux, 0 = JO_J* , and J = J(t).

Fouling mechanism n Time-flux set Time-flux-volume set Description

Complete blocking 2 In Ie = K2t (2.3) Jo - J = K2(v - J*t) (2.4) Particles reaching the membrane entirely
seal a pore.

Internal blocking 1.5 J-0'5 - J6-0'5 = K,. t (2.5) JO.5 - 5 = K1.s(v - J*t) (2.6) Pore volume decreases proportionally to Ril
permeate volume. Pores are constant di-
ameter and length.

Partial blocking 1 1n = Kit (2.7) In = K,(v - Jt) (2.8) Incremental blocked surface area is pro-
portional to unblocked surface area.

Cake filtration 0 In - J' = Kot (2.9) - = K.(? - J*t) (2.10) Flux decreases with an in-series hydraulic
resistance proportional to permeate mass.

either through emulsion flocculation and creaming [8] and/or by inertial lift (in crossflow

filtration). Note that the complete, partial, and cake blocking laws allow for individual

particle deformation [46].

We use both sets of equations in Table 2.1 as follows: the time t, specific permeate

volume v, flux J, initial flux Jo, and steady state flux J* from each fouling test are used

with the time-flux-volume set of equations (Eqs. 2.4, 2.6, 2.8, 2.10 from Table 2.1) to find

K and the coefficient of determination R 2 through a linear fit. We then use each obtained

blocking coefficient K to model the flux decline as a function of t, Jo, and J* using the

time-flux set of equations (Eqs. 2.3, 2.5, 2.7, 2.9 from Table 2.1). Because many of the

R2 values are near unity, we use the average absolute percentage deviation between flux

data and predicted flux from each model to determine goodness of fit and assess which

mechanism may have predominated during fouling. Average absolute percentage deviation,

AAPD, is determined by:

AAPD = Z 1 -hrnodel 100 (2.2)
m Ji, data

where m is the number of data points in the time series and i refers to the ith element in

the series.

We use the time-flux-volume set of equations for linear regression analysis because we

found that use of these equations rather than the time-flux set significantly reduced noise in

the later stages of filtration as J approached J* during curve fitting. The reduction of noise

allowed for more accurate curve fitting, providing K, values which were used to calculate

AAPD.

26



2.3 Experimental procedures

2.3.1 Preparation of oil-in-water emulsions

Three oil-in-water emulsions were prepared for each fouling test using three separate surfac-

tants (Sigma Aldrich): sodium dodecyl sulfate (SDS, anionic), cetyl trimethylammonium

bromide (CTAB, cationic), and polyoxyethylenesorbitan monooleate (Tween 80, nonionic).

Triton X-100 (Sigma Aldrich) was also used for a series of dead-end batch tests. Hexadecane

(99.9%, Sigma Aldrich) (yLv 27.5 mN/m) was used as the model oil due its low surface

tension, consistent chemical composition, and use in other studies [44].

Each surfactant stabilized oil-in-water emulsion was prepared using a 10:1 oil to surfac-

tant ratio by weight with DI water to give 625 mg of oil and surfactant per liter of solution.

For dead-end batch tests, 0.227 g of hexadecane and 0.023 g of surfactant was added to

400 mL of deionized water (DI) and sheared in a blender (Waring) for 5 minutes. After the

gas-liquid foam resulting from the blending destabilized over roughly 30 minutes, 300 mL

of this mixture was added to the dead-end cell. For crossflow tests, 7.737 g of hexadecane

(99.9%, Sigma Aldrich) and 0.774 g of surfactant were added to 400 mL of deionized water

and sheared in a blender for 5 minutes. Of this mixture, 300 mL was added to the system

feed tank after the gas-liquid foam resulting from the blending destabilized over roughly 30

minutes. All prepared emulsions were visibly stable for at least a 20 hour period.

Table 2.2 gives for each surfactant its charge, molecular weight M, critical micelle con-

centration (CMC), hydrophilic lipophilic balance (HLB), the molecular weight of the hy-

drophilic portion of the surfactant Mh, and surfactant chemical structure. We calculate

Mh = 0.05 - M - HLB assuming Griffin's method [9].

Surfactant concentrations in this study were 57.5 mg/L, meaning that SDS and CTAB

concentrations are below their CMC while Tween 80 was above the CMC by a factor

of 4.4. In general nonionic surfactants have a much lower CMC than ionic surfactants,

making it challenging to prepare a concentrated nonionic surfactant-stabilized oil-in-water

emulsion with surfactant concentrations below the CMC. We therefore include an additional

nonionic surfactant, Triton X-100, for dead-end batch tests to compare performance against

Tween 80.
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Table 2.2: Surfactant properties obtained from DOW, and Sigma-Aldrich product

literature and Needs [1].

Surfactant Charge M (Da) CMC (mg/L) HLB Mh (Da) Structure

0 0

SDS Anionic 288.4 2010.8 to 2884.0 40.0 576.8 Na

0

04

H 0 OH

- w+x+y+z=20

Tween 80 Nonionic 1310.0 13.0 to 15.0 15.0 982.5

Of__ fH

Triton X-100 Nonionic 625.0 189.0 13.4 418.8

CTAB Cationic 364.5 335.3 to 364.5 10.0 182.3 Br-

2.3.2 Produced water and model emulsion characterization

Six produced water samples were obtained from Gradiant Corp. from different hydraulic

fracturing sites across the United States. All samples were collected at the outlet of a

preliminary gravity-based oil/water separator used to separate free and dispersed oil. The

samples were characterized as received.

Droplet size distributions in the prepared model emulsions and produced wastewater

samples are shown in Fig. 2-1. They were measured using a dynamic light scattering device

(ZetaSizer, Malvern) using the refractive index of hexadecane (RI = 1.434). Log-normal

Gaussian curves were fit to the measured data points using Excel Data Solver and the mean

and standard deviation for each peak is given. For the Bakersfield and Barnett samples,

the three peaks with the greatest amplitude are reported.

Zeta potential of the model emulsions and wastewater samples were calculated from the

electrophoretic mobility measured using a zeta potential analyzer (ZetaPALS, Brookhaven

Instruments Corporation) and averaged over 3 runs, applying between 2.5 and 5 volts and

2 to 5 hZ for 50 cycles each run. Produced water samples were diluted with DI water until

sample conductivity was below 30 mS/cm before zeta potential measurement.

Conductivity for each sample is measured using a conductivity meter (HQ440d, Hach)

and pH is measured using a pH meter (sympHony, VWR).
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Figure 2-1: Volume-based droplet size distributions for: (a) produced water samples and (b)

model produced water. Dots are measured data points and lines are log-normal Gaussian

curve fits through the data. Mean and standard deviation for peaks are given.

Zeta potential, pH, conductivity are tabulated for the produced water samples and

model oil-in-water emulsions in Table 2.3. Total organic carbon (TOC) measurements were

performed for produced water samples using a total organic carbon (TOC) analyzer (TOC-

L Series, Shimadzu). Referring to Fig. 2-1, Table 2.3, and the protocol for model emulsion

preparation, we show that the droplet size distribution, concentration, and pH for the model

emulsions are representative of the produced water samples.

Table 2.3: Produced water and model oil-water emulsion characterization. pH

values have a 0.01 accuracy and TOC measurements have a 1.5% accuracy.

Sample Zeta potential (mV) TOC (mg/L) pH Conductivity (mS/cm)

Produced water samples
Bakersfield
Permian
D-J Basin
East Shale Gas Play
MS Lime
Barnett
Average

Model oil-water emulsions
SDS/Hexadecane
Tween 80/Hexadecane
Triton X-100/Hexadecane
CTAB/Hexadecane

-2.17 1.93
-2.69 0.60
-4.11 2.22
-3.87 2.96
-1.81 0.72
-2.42 1.08
-2.84 1.75

-41.67 4.75
-10.60 0.96
-23.46 4.48
33.72 6.88

65.1
271.3
625.0
256.8
15.2
198.3

238.62 215.56

6.71
6.48
7.08
5.26
7.57
8.03

6.86 0.96

6.77
6.62
6.82
6.42

11.3
126.3
38.9
184.5
28.9
35.1

70.83 68.70

36.Ox 10-3
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2.3.3 Membrane characterization

Polyacrylonitrile (PAN) membranes (PAN50, Nanostone) were used due to their hydrophilic-

ity relative to other polymers such as polyethersulfone, polysulfone, polyvinylidene fluoride,

polyethylene, and polypropylene [22]. Hydrophilicity is well correlated with anti-fouling

performance [23, 24] and is especially important in oil-water separation applications be-

cause in-air hydrophilic surfaces are underwater oleophobic [48]. The membranes had a

rated molecular weight cutoff (MWCO) of 75 kDa which translated to an average pore

sizel of approximately 19 nm. Membrane permeability, averaged over seven samples was

determined to be 488.3 6.2 L/m2 -hr-bar using a dead-end cell with DI water and a stirrer

at 200 rpm. Permeability was calculated by A = J/AP where J was the steady state flux

(L/m2 -hr) during the DI filtration run and AP was the trans-membrane gauge pressure

(bar).

In-air advancing water contact angles were 55 5 and static in-air water contact angles

were 34 90 using a goniometer (Model 500-Fl, rame-hart). Surface zeta potential was

measured to be -71.7 0.723 mV (SurPASS, Anton-Paar) at a conductivity of 0.17 mS/cm

and the neutral pH values used in this study of pH- 6.5.

2.3.4 Dead-end batch experiments

A stainless steel stirred cell (HP4750, Sterlitech) was used for dead-end batch experiments.

Pressure was measured using a pressure gauge (GH-68930-10, Ashcroft) and was supplied to

the cell via a nitrogen tank connected to a two-stage gas regulator (Airgas) and an accurate

low pressure gas regulator (R-800-3.5, Airtrol) in series. The cell has an active membrane

area of 14.6 cm2 . DI water was first filtered through the as received membranes for at least

2 hours prior to emulsion separation. A stirrer at 200 rpm was used during DI filtration runs

to minimize from contaminants in the cell. Liquids in the cell were at room temperature,

23 1 'C, throughout all experiments.

Feed gauge pressure was set to between 8 and 9 kPa during experiments so that mem-

branes gave a flux of 50 L/m2-hr (LMH) during DI filtration runs. Details on how flux was

Pore size can be approximated by dpore = 0.11 . MWCOO- 46 where dpore is pore diameter (nm) and
MWCO is molecular weight cut-off (Da) [49]
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measured and analyzed is given in the Appendix A. At low hydraulic pressures we must

account for the gravitational head from the ~16.8 cm high cell, which resulted in a total

gauge pressure of between 9.95 and 10.95 kPa at the membrane surface. The maximum

head loss during filtration runs occurred during Tween 80 and Triton X-100 experiments

at 10 hours which reduced pressure at the membrane surface by 16-18%. However, for all

experiments at early times (< 5 hours) pressure did not decrease by more than 10%.

For emulsion filtration experiments, 300 mL of emulsion was added to the cell without

a stir-bar and pressure was set to the same value for which a flux of 50 LMH was obtained

in the DI water filtration run. The cell was thoroughly cleaned after each experiment with

isopropyl alcohol (99.9%, Sigma-Aldrich) and DI water. All experiments with model oil-

water emulsions were repeated twice. Due to a lack of sufficient feed volume, each produced

water sample was filtered only once. Tests were performed for 10 hours at which point

steady state fluxes were attained.

2.3.5 Crossflow experiments

Differential Membrane
pressure
gauge Cell

Backpressure
regulator

Feed Feed
inlet outlet

Tank

Feed Flow regulator
meteru

Digital scale N2

Pulsation tank
Feed pump, dmee

blowout valve, dampener
and VFD
controller

Figure 2-2: Schematic of experimental setup.

Figure 2-2 shows a schematic diagram of the experiment. A feed tank connects to a
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positive displacement feed pump (Hydracell F-22 Series, Wanner) controlled by a variable

frequency drive (VFD) (GS1-21P0, Automation Direct) which circulates pressurized feed

through the system. After passing through an over-pressure bypass valve (C46, Wanner),

a pulsation dampener to smooth flow and pressure fluctuations (Blaco), and a flow meter

(Ultrapure Flowmeter, McMaster), the feed enters a crossflow cell (Delrin CF042, Sterlitech)

which houses the membrane. According to the manufacturer, the active membrane area in

the cell was 42 cm 2 , the cell width was w = 9.40 cm, and the height of the cell channel was

h = 1.73 mm without a spacer. A 0.864 mm (34 mil) spacer was used in the cell to simulate

the effect of turbulence promoters in spiral wound UF modules and is representative of those

used in industry [36]. Use of the spacer reduces the effective channel height to h = 0.864 mm.

The permeate exits the crossflow cell and its mass was recorded versus time using an

electronic scale (Scout Pro 6000x0.1g, Ohaus). The feed exits the crossflow cell as concen-

trate and is returned to the feed tank. The oil to emulsion volume fraction does not increase

beyond 5% during long experiment times. Liquids in the tank were at room temperature

throughout all experiments.

Pressure was precisely maintained in the flow cell with a flow-through back pressure

regulator (EB1HF2, Equilibar) fed by a nitrogen tank connected to a two-stage gas regulator

(Airgas). Pressure was measured using a differential pressure gauge (DPG409-015DWU,

Omega) which output 0-5 Vdc to a data acquisition system (OM-USB-1408FS, Omega)

read by a desktop computer.

The volumetric flow rate for all experiments was set to 0.1 GPM. Using the effective

channel height (with spacer) h, cell width w, and conversion constants the velocity was

V = 7.77 cm/s which yields a Reynolds number of Re = pvDh/P = pv(2hw)/P(h + w) =

133 assuming a dynamic viscosity equal to that of pure water 2 . This Reynolds number

describes laminar internal flow through the channel. Small velocities relative to those used

in commercial systems [36, 37] were used in our experiments to exacerbate fouling.

As received membranes were placed into the crossflow cell and DI water was first circu-

2According to Einstein's equation valid for emulsions with small volume fraction (small #), colloid viscos-
ity is described by A = Acontinuous - (1 + 2#dispersed) where #dispersed = Vdispersed/Vsolution [8]. For the low
volume fractions used in this study (0 = 8 x 10-4), the colloid viscosity is effectively that of the continuous
water phase.
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lated through the system. Feed pressure was adjusted for each run until an initial flux of

50 ] 1 LMH was obtained. These feed pressures were 12.1 1.0 kPa and slightly deviate

from those used in the dead-end tests due to minor hydrostatic differences in the feed and

permeate inlets to the differential pressure gauge. After the baseline flux was obtained for

one hour, the permeate tank was emptied and concentrated emulsion mixture and DI water

were added to the feed tank until the tank and system lines contained a total of 10 L of

solution as indicated by a calibrated marker inside of the tank.

After each experiment, the tank and system lines were drained using bypass lines and DI

water was added to the tank and circulated through a filter (EW-01508-93 0.5 pm cartridge,

Cole-Parmer) to clear the system of contaminants. All experiments with model oil-water

emulsions were repeated twice and averaged. Tests were performed for 3 hours at which

point steady state fluxes were attained.

2.4 Results and discussion

2.4.1 Model emulsions

Figure 2-3 shows flux as a function of time for hexadecane-in-water emulsions stabilized

by anionic (SDS), nonionic (Tween 80), and cationic (CTAB) surfactants. Initial fluxes

during dead-end batch experiments given in Fig. 2-3a and crossflow experiments given in

Fig. 2-3b were set to - 50 LMH and tests were allowed to continue until steady state had

been achieved (10 hrs for dead-end batch and 3 hrs for crossflow tests). Table 2.4 gives

the average initial and steady fluxes as well as the average specific volume (permeate per

unit area of membrane) including standard deviation for each surfactant stabilized model

emulsion.

Although we may expect cationic surfactant-stabilized emulsions to foul membranes

most severely due to an electrostatic attraction between the positive surfactant potential

and negative membrane potential, in dead-end batch tests we observed that both SDS and

CTAB had a low steady state flux and specific permeate volume. Fouling was least severe

for Tween 80 stabilized emulsions in terms of both a higher steady state flux and greater

specific volume as shown in Table 2.4. This is very likely due to the fact that Tween 80
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has the lowest absolute zeta potential of all surfactants used and therefore has the lowest

droplet-droplet electrostatic repulsion; leading to increased flocculation/coalescence and

creaming (the rise of oil flocs or coalesced oil in a gravitational field) within the cell.

In crossflow tests, we observed a hierarchy for steady state flux which indicates that

droplet-membrane interactions are more important than droplet-droplet interactions: an-

ionic stabilized emulsions fouled the least, followed by nonionics, then cationic stabilized

emulsions. Interestingly, the initial rate of fouling for the nonionic surfactant is much greater

than the cationic emulsion. This behavior is also observed in the dead-end batch tests. Note

that although dead-end tests were performed at a pressure which yielded 50 LMH during

a DI water membrane preparation step, the nonionic emulsion initial flux for all tests was

roughly 35 LMH. This is the same rapid fouling behavior also observed in crossflow tests.

This is could be due to the significant hydrophilicity of the Tween 80 surfactant head rel-

ative to SDS and CTAB (as evidenced by the molar weight of the hydrophilic portion of

each surfactant Mh in Table 2.2) which may interact with the hydrophilic membrane sur-

face more than cationic stabilized emulsions which experience electrostatic attraction with

the membrane surface. Also, once nonionic surfactants and nonionic-stabilized oil droplets

reach the membrane surface, they may be able to form close-packed layers of a greater den-

sity than surfactants which repel each other by electrostatic forces. J6nnson and Jdnnson

also found severe fouling for Tween 80 (without oil) on hydrophilic, but not hydrophobic,

membranes past the critical micelle concentration (CMC) of Tween 80 [39].

Because the concentration of Tween 80 exceeded the CMC in our tests, we also used Tri-

ton X-100 nonionic surfactant in several hexadecane-in-water emulsion fouling tests. Triton

X-100 has a higher CMC than Tween 80. These tests were run in dead-end batch mode to

ensure that the same destabilization phenomenon which resulted in a higher flux for Tween

80 than SDS and CTAB stabilized emulsions was due to a nearly neutral zeta potential and

not due to being above the CMC. Figure 2-4 shows that Triton X-100 emulsions are indeed

'broken' in dead-end batch filtration. We observed that flux declined rapidly and subse-

quently rose after roughly an hour of fouling in multiple tests. We attribute this behavior

to a mass flocculation or coalescence event which occurred only when a critical number of

stabilized oil droplets reached the surface of the membrane and were brought close enough
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Figure 2-3: Flux vs. time for hexadecane-in-water emulsions stabilized by anionic SDS

(squares), nonionic Tween 80 (circles), and cationic CTAB (triangles) surfactants in (a)

dead-end batch and (b) crossflow.

for the Van der Waals force to overcome the weaker electrostatic repulsive force. We surmise

that nonionic stabilized oil-in-water emulsions can be 'broken' in dead-end batch filtration

more easily than ionic stabilized emulsions.

Table 2.4: Initial flux Jo, steady state flux J*, and specific volume v (L/m2 ) results

for model emulsion fouling runs.

Dead-end batch Crossflow

Surfactant J v J J v

SDS 46.01 3.17 3.33 i 2.22 60.17 28.53 50.67 3.30 27.98 3.30 100.94 11.23
Tween 80 35.62 AL 0.18 12.18 0.69 161.54 5.47 50.57 1.34 19.53 8.65 42.73 6.15
CTAB 52.00 1.05 4.55 A 0.45 104.54 t 12.04 50.97 0.28 2.64 i 1.41 36.74 A 2.32

Triton X-100 41.76 t 3.40 16.73 A 1.14 130.85 0.21 - -

Flux, time, volume, initial flux, and steady state flux were used with the time-flux-

volume set of equations in Table 2.1 to determine R2 values and fitting parameters K as

shown in Fig. 2-5 for CTAB emulsion fouling in dead-end batch and crossflow filtration.

Note that nearly all of the R2 values for each mechanism are above 0.9, including the

standard blocking mechanism. With obtained values of K we modeled the flux decline for

each emulsion and mechanism using the time-flux set of equations. This resulted in values

of AAPD which we used to infer which mechanism may have played a dominant role. While

it is likely that multiple mechanisms may have simultaneously contributed to fouling, or
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Figure 2-4: Dead-end batch filtration of Tween 80 (circles) and Triton X-100 (inverted trian-
gles) stabilized emulsions. Data points are averages and error bars are standard deviations
from two experiments for each surfactant.

that one mechanism may have dominated at earlier experiment times than others, we apply

the blocking laws to the entire flux decline time series to infer which mechanism may have

dominated throughout the process. We do not apply fouling models to the Triton X-100

fouling curves because their non-monotonic decline yields errors.

Values of AAPD, R2 , and K, averaged over two runs categorized by stabilizing surfac-

tant and fouling mechanism are provided in Table 2.5. The standard deviation of AAPD

values from the two runs is also included. Mechanisms with the lowest average AAPD value

have a bolded row for ease of reference. We can infer that SDS and CTAB emulsions largely

resulted in either partial or complete blocking in both dead-end batch and crossflow tests.

This is in agreement with the conventional model for oil fouling: deposition and spreading

of oil [50] on the surface of the membrane leading to pore blockage.

From Table 2.5 we may infer that Tween 80 emulsion fouling was dominated by cake

blocking in both dead-end batch and crossflow filtration. Other studies in literature also

found evidence of cake filtration when using nonionic surfactants to stabilize diesel and
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Figure 2-5: Blocking filtration modeling for fouling of CTAB stabilized emulsion in (a)

dead-end batch and (b) crossflow.

motor oil emulsions for fouling of polyvinylidene fluoride (PVDF) membranes [51, 52].

Although those authors used a constant flux rather than constant pressure crossflow setup,

they found evidence for cake formation followed by a pseudo-steady state operation where

trans-membrane pressures reached a constant value. Similar behavior may be occurring in

our study, where the rate of fouling for Tween 80 is initially high but decreases to nearly

zero in both dead-end batch and crossflow tests.

Note that standard blocking did not appear likely for any emulsion. This is likely due to

the extremely small average pore size of the PAN membrane used in this study (0.019 pm)

relative to the average oil droplet size in each emulsion (- 0.90 1.27 pm). Also, although

standard blocking R2 values may have been high for some emulsions, corresponding AAPD

values were also high. This is because the time-flux-volume set of equations allows for a

steady state flux term J* while the time-flux set does not, yielding high AAPD during

model to data comparisons but high R2 values during linear fitting.

2.4.2 Produced water samples

Figure 2-6 shows flux decline for two produced water samples from D-J Basin and Barnett

in dead-end batch filtration. Although pressure was set to give an initial flux of -50 LMH,

resulting initial fluxes were around 40 LMH for both samples. From Fig. 2-3a, we see that

high steady state fluxes in the Tween 80 and Triton X-100 stabilized emulsions are due to

smaller droplet-droplet electrostatic repulsive forces relative to SDS and CTAB stemming
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Table 2.5: Statistics for blocking law fitting of model oil-water emulsions. Average
absolute percentage deviation AAPD, goodness of fit R2 values, and fitting param-
eter K are averaged for two runs and provided for each fouling mechanism. Stan-
dard deviation for AAPD is provided. Mechanism statistics with lowest AAPD is
bolded for ease of reference. Units for fitting parameters are: complete K2 (hr- 1 ),
standard K1.5 (m/LO.5-hr0 .5 ), partial K1 (m2 /L), and cake Ko (m4-hr/L2 ).

Model oil-water emulsions
Surfactant/configuration
Fouling mechanism
Complete
Standard
Partial
Cake

Surfactant/configuration
Fouling mechanism
Complete
Standard
Partial
Cake

SDS/Dead-end
AAPD R2

26.88 11.70 0.988
30.42 2.91 0.996
7.05 + 3.99 0.998
19.80 15.86 0.960

SDS/Crossflow
AAPD R2

1.65 0.01 0.998
58.52 t 0.95 0.999
1.11 0.22 0.999
1.71 t 0.67 0.996

K
1.757
0.201
0.105
0.012

K
1.406
0.111

0.0035
0.001

Tween 80/Dead-end
AAPD R2  K

9.75 2.27 0.977 0.626
25.54 t 1.65 0.984 0.064
5.47 i 1.74 0.990 0.027
3.30 1.98 0.995 0.001

Tween 80/Crossflow
AAPD R2  K

18.40 12.70 0.937 5.053
76.35 4.09 0.944 0.478

14.15 10.21 0.951 0.189
9.40 7.15 0.962 0.008

CTAB/Dead-end
AAPD R2

16.68 6.05 0.988
18.21 5.97 0.997
9.03 + 0.17 0.996
21.21 1.10 0.934

CTAB/Crossflow
AAPD R2

21.20 14.13 0.995
29.69 12.69 0.984
55.78 37.71 0.955
65.46 38.05 0.818

K
0.853
0.086
0.038
0.003

K
1.652
0.013
0.084
0.008

from low absolute zeta potentials. N

samples had zeta potentials of -4.11

also attain high steady state fluxes.

SDS and CTAB stabilized emulsions

oting from Table 2.3 that the D-J Basin and Barnett

and -2.42 mV, respectively, we may expect them to

The fact that both emulsions foul as severely as the

in Fig. 2-3a suggests that the stabilizing agents in the

produced water emulsions rely on steric rather than electrostatic repulsion [8]. This could

arise from the adsorption of solid particles such as polymers, asphaltenes, or colloidal silica

at the oil-water interface [13]. The fact that the produced water samples had a neutral

zeta potential and remained cloudy for months after extraction is further evidence of steric

rather than electrostatic repulsion.

It could also be the case, however, that the severe fouling in the produced water samples

resulted from pore blockage by other total suspended solids, such as small soil particles or

organic matter, rather than suspended oil droplets. Nevertheless we conclude that nonionic

surfactant stabilized emulsions, despite having near neutral zeta potentials relative to SDS

and CTAB emulsions, do not foul similarly to produced water samples in dead-end batch

filtration due to poor droplet stability during concentration.

By fitting blocking models to the flux decline curves, we can infer that partial fouling

may have played a dominant role during produced water sample fouling in dead-end batch

filtration. This is a similar result to what was found in the ionic surfactant-stabilized
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Figure 2-6: Flux vs. time for D-J Basin (squares) and Barnett (circles)

produced water samples in dead-end batch filtration. Initial fluxes were

39.3 and 43.2 LMH for D-J Basin and Barnett samples, respectively.

emulsions shown in Fig. 2-3a. Table 2.6 gives the R2 , Kn, and AAPD values for each

sample and fouling mechanism. We observe that D-J Basin fouls more than Barnett not

only visually from Fig. 2-6 but also because D-J Basin has a greater blocking parameter K1

than Barnett. This is very likely due to the fact that the D-J Basin sample TOC value is

a factor of 3.2 greater than that of Barnett.
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Table 2.6: Statistics for blocking law fitting of produced water. Aver-
age absolute percentage deviation AAPD, goodness of fit R2 values, and
fitting parameter K, are given for each fouling mechanism. Mechanism
statistics with lowest AAPD is bolded for ease of reference. Units for fit-
ting parameters are: complete K2 (hr- 1 ), standard K1 .5 (m/LO.5-hro. 5 ),
partial K1 (m2 /L), and cake Ko (m4-hr/L2 ).

Produced water samples

Sample/configuration D-J Basin/Dead-end Barnett/Dead-end
Fouling mechanism AAPD R2  K AAPD R2  K
Complete 14.11 0.990 1.224 31.01 0.974 0.424
Standard 63.64 0.997 0.142 50.24 0.988 0.047
Partial 5.21 0.999 0.072 6.91 0.998 0.023
Cake 14.72 0.967 0.006 10.50 0.973 0.002

2.5 Conclusions

In this chapter, we have investigated the role that surfactant charge plays in the fouling of

a polyacrylonitrile ultrafiltration membrane by surfactant-stabilized oil-in-water emulsions.

Model emulsion concentrations and droplet size distributions were representative of obtained

produced water samples. Six produced water samples were characterized and two were

tested in dead-end batch filtration. Model emulsions were filtered in dead-end batch and

crossflow modes.

Results from this study are as follow:

" In dead-end batch filtration, cationic and anionic stabilized emulsions foul membranes

most severely while nonionic emulsions are observed to destabilize easily.

" In crossflow filtration, cationic stabilized emulsions result in the lowest steady state

flux followed by nonionic then anionic emulsions.

" Results suggest that droplet-droplet electrostatic repulsion dominates fouling in dead-

end batch filtration while droplet-membrane electrostatic interactions are more rele-

vant in crossflow operations.

* Applying fouling blocking models, we may infer that nonionic emulsions form cakes

while anionic and cationic surfactants completely and partially block membrane pores

indicative of a thin coating of oil on the membrane surface.
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" Despite having nearly neutral zeta potentials, the two produced water samples filtered

in dead-end batch mode yield fouling similar to anionic and cationic (not nonionic)

emulsions, implying that oily wastewaters in the produced water space may be stabi-

lized by steric rather than electrostatic repulsion.

" Two tested produced water samples appeared to foul membranes in dead-end batch

filtration via partial pore blocking.

On the basis of steady state flux results, we therefore recommend that anionic surfactants

be used to stabilize emulsions treated by crossflow filtration and nonionic surfactants be

used to stabilize emulsions treated by dead-end batch filtration.
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Chapter 3

A single-step multifunctional

membrane for oil-water separation

and in-situ organic pollutants

degradation: Experiments and

performance model

Talal F. Qahtan , Leonardo D. Banchik2 , Mohammed A. Gondal, Gibum

Kwon, Divya Panchanathan, Mohammed A. Dastageer, and Gareth McKinley

Chapter abstract

In this work we present a single-step multifunctional membrane which uses two distinct
coatings on a porous mesh to simultaneously separate oil emulsions via gravity and de-
contaminate organics in the water permeate in-situ. Our top surface is a novel superhy-
drophilic/superoleophobic, chemically robust coating which allows water to pass while oil is
retained with high oil rejection (~99.99%) for bulk oil-water mixtures and surfactant sta-

1TFQ contributed to the work in this chapter by performing all experiments and aiding in writing of the
manuscript.

2LDB contributed to the work in this chapter by collaborating on the novel feed-side membrane coating,
performing all modeling, and aiding in writing of the manuscript.

43



bilized oil-in-water and water-in-oil emulsions without the need for membrane pre-wetting.

The bottom surface (permeate side) is a superhydrophilic titanium dioxide (TiO 2 ) coating
which allows for highly effective (~99.9%) in-situ degradation of organic pollutants present
in the water phase when exposed to UV radiation. Our multifunctional membrane allows for
flexibility in the choice of photocatalyst because the separation and photocatalysis functions
are provided by two separate coatings on different sides of the membrane. Additionally, by
illuminating UV from the bottom of our system apparatus, we reduce UV attenuation rel-
ative to systems which transmit radiation through a column of turbid feed solution. In
addition to demonstrating excellent bulk and emulsified oil-water mixture separation and
organic pollutant degradation performance, we present a model (mean error = 1.2%) to pre-
dict the purification performance of our multifunctional membrane as a function of relevant
system parameters. Our model provides a figure of merit for multifunctional membrane
systems which can be used to compare the performance of other researchers systems.

3.1 Introduction

Stringent environmental protection legislation has led to many industries such as oil and

gas, metal working, tanneries, and food production to invest in better technologies for sep-

arating oil-water emulsions and removing organic pollutants before discharging wastewater

streams into the environment [2]. Due to their ability to reject fine emulsified droplets

of oil (droplet diameter < 10 pm) and their relatively lower energy and chemical con-

sumption compared to flocculation, hydrocyclones, and dissolved air flotation, ultra- and

micro-filtration membranes are often applied for oily wastewater treatment [5, 36]. While

these membranes can effectively separate emulsified oil droplets, they can still be energy

intensive and are not capable of degrading organics in the permeate in-situ. Additional

organics degradation may be needed in cases where permeates are still contaminated with

organic pollutants, such as dyes or Phenol, and when permeate quality requirements are

high [15]. Combining the separation and degradation steps into a single-step unit oper-

ation by using a specialized membrane could save wastewater treatment plant operators

significant capital and operational expenses.

Several studies have investigated the use of hydrophilic (HL, advancing water contact an-

gle < 90')/oleophobic (OB, advancing oil contact angle > 90') and super hydrophilic (SHL,

water contact angle = 0 0 )/superoleophobic (SOB, advancing oil contact angle > 150' and

sliding angle < 10') coatings for oil-water separation [26, 29, 30, 53]. Many studies have also

investigated the kinetics and performance of TiO 2 and ultraviolet (UV) enabled photocat-
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alytic degradation of organic materials [54-59]. Fewer studies, however, have used photo-

catalysis to degrade pollutants in combination with oil-water separation processes [60-62].

To the authors knowledge, this is the first study to fabricate a single-step, robust, mul-

tifunctional membrane via spray coating with in-air selective wettability towards oil and

water (oil is retained) and photocatalytic properties to simultaneously separate suspended

oil from water as well as degrade organics in the permeate. Compared to the multifunc-

tional membranes reported in literature which use in-air superhydrophilic/superoleophilic

coatings, such as TiO2 , our membranes are not affected by the issue of dry-out and oil

penetration due to their in-air SHL/SOB wetting characteristics [26]. We demonstrate,

for the first time, two separate coatings for the feed (water to be treated) and permeate

(treated water) sides of our membrane. The feed-side coating (coating facing the feed) is

chemically robust and possesses in-air superhydrophilicity (water contact angle = 00) and

superoleophobicity (advancing oil contact angle > 150') with very low contact angle hys-

teresis (sliding angle < 50) which allows water to pass through while oil is retained with high

rejection (~ 99.99% rejection) for bulk oil-water mixtures and oil-in-water and water-in-oil

surfactant stabilized emulsions. The permeate-side coating (coating facing the permeate)

is comprised of a photocatalytic material, titanium dioxide, and allows for highly effective

(- 99.9%) in-situ degradation of organic pollutants present in the water phase when ex-

posed to UV radiation. Our multifunctional membrane allows for flexibility in the choice

of photocatalyst because the separation and photocatalysis functions are provided by two

separate coatings on different sides of the membrane. Other usable photocatalysts might in-

clude nitrogen or palladium doped or co-doped metal oxide (TiO 2 , W0 3 , ZnO, NiO, CuO)

films, for instance, which allow for photocatalysis using visible light or sunlight [15, 63].

Additionally, by illuminating UV through the bottom of the device rather than through the

feed into a feed-side coating, our system is not affected by severe UV attenuation through

the turbid feed solution column according to the Beer-Lambert law [64]. We also derive

and present a highly accurate analytical model to predict the degradation performance of

our membrane as a function of relevant system parameters. Our model provides a figure

of merit, 3 with units of cm/mW1 / 2-s, for photocatalytic separation systems which can be

used to compare the degradation performance of multifunctional membranes used in batch
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or continuous mode by other researchers.

3.2 Experimental section

3.2.1 Materials and membrane fabrication

The substrates used in this study were 316 stainless steel mesh (2 micron pore size, T316L,

TWP) and glass slides (VWR Microscope Slides, Germany). SiO 2 nanoparticle suspension

with a concentration of 15 mg/mL was prepared by adding SiO 2 nanoparticles (average di-

ameter 7 nm, Aerosil 380, Evonik Industries) into acetone (Sigma Aldrich) using a magnetic

stirrer at 800-1000 rpm. Then, 5 mg of SF-100 (Super-fast instant adhesive, 3M Scotch-

Weld) was added per 1 mL of Si0 2 nanoparticle solution to yield a Si0 2 /SF-100 solution

in acetone. Fluorosurfactant solution (Capstone FS-50, DuPont) was prepared by diluting

FS-50 with ethanol (Sigma Aldrich) to attain a 45 mg/mL solution. A TiO 2 nanoparti-

cle solution with a concentration of 5 mg/mL was prepared by adding TiO 2 nanoparticles

(Aeroxide TiO2 P 25, Evonik Industries) in tetrahydrofuran (THF, Sigma Aldrich) using a

magnetic stirrer at 800-1000 rpm. All meshes and glass substrates used in this study were

rinsed with acetone, isopropanol, and deionized (DI) water, respectively, to remove contam-

inants and subsequently dried before each coating process. A spray gun (nozzle diameter of

0.38 mm, Paasche) operated with compressed nitrogen at 200 kPa was used. The gun was

maintained at a distance of 10 cm from the glass substrates/meshes for all coatings. For the

SSF coating, 1 mL of Si02 /SF-100 solution and 0.5 mL of FS-50 per 1 cm 2 of substrate are

sequentially sprayed on the feed side of the mesh/glass. For the TiO 2 coating, 1.5 mL of the

TiO 2 solution per 1 cm2 of substrate was sprayed onto the permeate side of the mesh/glass.

3.2.2 Preparation of bulk oil-water mixtures and oil-water emulsions

Three bulk oil-water mixtures (1:1 by volume) were used in this study hexadecane (-YLV

27.5 mN/m). Three hexadecane-water emulsions (1:4, 1:1 and 4:1 by volume) were prepared

by mixing hexadecane and water using a magnetic stir bar (at 800 - 1000 rpm) with 0.3 mg

per mL of solution of sodium dodecyl sulfate (SDS, Sigma Aldrich) for the 1:4 and 1:1

emulsions and Span80 (Sigma Aldrich) for the 4:1 emulsion. The 1:4 and 1:1 emulsions
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were oil-in-water type and the 4:1 emulsion was water-in-oil type. This is due to the HLB

value of the stabilizing surfactant used for each mixture and was also verified optically by

using oil and water soluble dye in each mixture to determine the continuous phase. A small

degree of demulsification was observed over time for some emulsions. Feed emulsion droplet

sizes were digitally extracted from high resolution optical microscope images using the

imfindcircles function in the MATLAB image processing toolbox. Droplet size distributions

of the permeate were measured using a differential light scanning device (Microtrac Nanotrac

Wave II).

3.2.3 UV irradiation

UV irradiation was provided and adjusted by a collimating adapter (OmniCure Adjustable

Spot Collimating Adapter) through a fiber optic cable from a Mercury Vapor Short Arc

UV lamp source (Omnicure S2000). The UV intensity was measured by OmniCure R2000

UV Radiometer.

3.2.4 Surface characterization

Static and advancing contact angles and sliding angle measurements

Droplet volumes used in this study were 5 pL. Static and advancing contact angle measure-

ments were performed using a Goniometer Kruss Easy Drop DSA20X. Sliding angles were

measured by increasing the elevation angle of the goniometer stage until each oil droplet

began moving due to an imbalance of forces.

Microscopy

A field emission scanning electron microscope (FE-SEM, TESCAN ultra high resolution),

was used for surface morphology analysis. An optical microscope (NikonECLIPSE Ti) was

used to take optical images of oil-water feed emulsions and water permeate.
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Characterization of oil-water separation and organic pollutant degradation ef-

ficiencies

The oil content in all permeates after oil-water separation was measured using thermo-

gravimetric analysis (STA 449F3-Jupiter, Netzsch). The temperature of each sample was

increased from room temperature to 105 C at a rate of 5 C/min, and then held at 105 C

for 50 min. The boiling points of water and hexadecane are 100 C and 287 C, respectively.

The loss in water weight was used to estimate the oil rejection. The concentration of methyl

blue dye was measured with a UV-VIS spectrophotometer (Jasco 670).

3.3 Results

Figure 3-1 shows schematic illustrations of the multifunctional membrane, its fabrication

procedure, and wettability. The in-air SHL and SOB wetting behavior of the feed-side

enables solely gravity-driven oil-water separation without the need for pre-wetting with

water while the photocatalytic property of the permeate-side of the membrane enables in-

situ degradation of organic pollutants from the water phase upon UV irradiation as shown

in Fig. 3-la. We fabricated our membrane using a simple spray-coating method as shown

in Fig. 3-1b. First, silicon dioxide (SiO 2 ) nanoparticles, SF-100 (cyanoacrylate), and FS-50

(fluoro-surfactant) were sequentially sprayed onto the feed side of a stainless steel mesh

membrane with small pores (2 pm). We used small pores to improve rejection of small

emulsified oil droplets which are common in wastewaters containing surfactant stabilized

oil-water emulsions [11, 19, 65]. This coated surface exhibits in-air SHL and SOB. SiO 2

nanoparticles were added to create hierarchical roughness on the surface, see Supplementary

Fig. B-2, which is essential for achieving superhydrophilicity and superoleophobicity through

a Cassie-Baxter state of wetting [66, 67]. SF-100 was added to enhance the durability of

the membrane coating in the presence of water and we found that its addition bound the

Si0 2 and FS-50 more effectively to the substrate.

The permeate side of the membrane was coated with TiO 2 nanoparticles which, un-

der UV illumination, can degrade organic pollutants contacting the surface via catalytic

redox reactions [55-58]. Henceforth, we will refer to the feed-side layer coating as SSF

48



(SiO2 /SF-100/FS-50), the permeate-side layer coating as T (TiO 2 ) and their combination

as SSFT (SiO2 /SF-100/FS-50/TiO 2 ). From Field Emission Scanning Electron Microscopy

(FE-SEM), SiO 2 nanoparticles were found to form granular structures affixed to the stain-

less steel mesh with micro and nanoscale hierarchical surface roughness (Fig. 3-1b, upper

part). FE-SEM images of the micro-nano hierarchical surface morphology of the TiO 2

coated membrane are shown in Fig. 3-1b (lower part) and we can visualize a high surface

area for photocatalytic degradation of organic pollutants.

a b c
(1) Uncoated mesh

S C C(2) Feed-side coating

UV irradiation WatisCAon

Oil (3) Permeate-side coating

Water contaminated
by organic pollutant

Oil and organic c
pollutant-free water

Figure 3-1: Operation, surface morphology, and wettability of multifunc-

tional membrane for oil-water separation and in-situ degradation of or-

ganic pollutants. (a) Coated multifunctional membrane can separate oil

and water without water pre-wetting by gravity and degrade organic pol-

lutants from the water phase upon UV irradiation. (b) Spray-coating

based fabrication of the SSFT (Si02 /SF-100/FS-50/TiO 2 ) multifunc-

tional membrane: Si0 2 /SF-100 and FS-50 (SSF) dispersions are sequen-

tially sprayed onto the feed side of the membrane (side facing the water

to be treated) while a TiO 2 (T) dispersion is sprayed onto the permeate

side of the membrane (side facing the treated water). (c) Water and oil

(hexadecane) wetting behavior on uncoated membrane (1), SSF coated

membrane (2), and TiO 2 coated membrane (3).

To evaluate the wettability of our membranes, we measured the apparent advancing

contact angles for water and hexadecane on SSF and TiO 2 coated stainless steel mesh

membranes as shown in Fig. 3-1c. For comparison, we measured the apparent advancing

contact angles for water and hexadecane on a neat stainless steel mesh. It is clear that the

uncoated stainless steel mesh is superhydrophilic (SHL, 0*a 00) and superoleophilic (SOL,

6*a = 00) in an air environment, while the SSF coated membrane is SHL (0*,, = 0') and
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SOB (0* = 153 20) in an air environment. This selective wetting behavior is attributed

to a surface reconfiguration of the perfluorinated alkyl chains in the fluorosurfactant first

characterized by Sawada et al. [68] and explored by others more recently [26, 27, 68, 69].

The in-air SHL and SOB wetting behavior of our SSF coated membrane indicates a po-

tential for oil-water separation solely under gravity without the need for pre-wetting [26].

Furthermore, the extreme water wettability (O*a = 00) of the TiO 2 coated membrane as

shown in Fig. 3-1c3 suggests that the organic pollutant-contaminated water can easily wet

the photocatalytic surface on the permeate side of the membrane which should enhance the

photo-degradation of organic pollutants during UV illumination.

Figure 3-2a shows a schematic illustration of the apparatus used for simultaneous oil-

water separation and in-situ degradation of organic pollutants. Our SSFT coated membrane

is sandwiched between two glass tubes, and we prevent leakage through the sides of the

membrane using two oil-resistant rubber O-rings on both sides of the membrane pressed

together with clips. The apparatus is tilted by 20 degrees with respect to the vertical axis so

that the UV lamp is protected from the permeate falling during the operation of the system.

The robustness of the SSF coated membrane, see Supplementary Fig. B-3 and Fig. B-4 for

robustness of the TiO 2 coated membrane, was measured by observing the advancing oil

contact angle in air vs number of passes as shown in Fig. 3-2b. The number of passes refers

to the number of times water is added to the gravity separator. It is clear that the SSF

coating is robust - having an almost constant oil contact angle of 153 2' after 10 passes. We

attribute this result to the addition of SF-100 which was used to physically bind FS-50 and

Si0 2 to the membrane. The SSF coated membrane also has a high constant flux (4015 144

L/m2 -hr) for each pass during the separation process of bulk oil-water mixtures as shown

in Fig. 3-2b. To test the degradation and separation performance of our multifunctional

membrane, we first used the membrane for bulk hexadecane-water separation and in-situ

MB dye degradation. A hexadecane-water mixture (1:1 by volume) with MB dye present

in the water phase was poured into our apparatus without pre-wetting the membrane. MB

dye is a model organic pollutant which has been used in many studies [56, 57, 62, 70, 71]

and has negligible solubility in hexadecane. With a UV intensity of 1050 mW/cm 2 and 10

passes, neither oil nor MB dye were visually observed in the water permeate, demonstrating
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high separation and purification performance. A thermogravimetric analysis plot of the

permeate from the oil-water mixture showed extremely high oil rejection (- 99.99%) as

shown in Supplementary Fig. B-5. Oil rejection is defined as R 1 - C,/Cf where Cp is

the concentration by volume of oil in the final permeate and Cf is the oil concentration by

volume in the initial feed. Figure 3-2c shows the absorbance spectrum of the MB dye as a

function of the number of passes shown as contours. The first pass has 5 mg/L of MB dye

initially and increasing passes decreases the peak wavelength at which MB dye is identified

until the peak is no longer detected.

a Superhydrophilic- b 6000
r p n / superoleophobic coating .f 1000-5 150-E

Stainless steel Y
membrane, 2 m pore 4 - - 4000 X

UV liah,140 -UV ui Photocatalytic coating
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water
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t Free/emulsified n, Passes
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Figure 3-2: Schematic illustrations of the apparatus for gravity-driven

bulk and emulsified oil-water separation and simultaneous in-situ degra-

dation of organic pollutants using SSFT multifunctional membrane. (a)

A schematic illustration of the separation and purification apparatus used

in our experiments. (b) Contact angles for oil (hexadecane) on the feed-

side of the multifunctional membrane and water flux as a function of the

number of passes. The number of passes corresponds to the number of

times that water is added to the separation apparatus. (c) Absorbance

spectra of the organic pollutant after consecutive passes at UV intensity

of 1050 mW/cm 2 . Inset photos show water-contaminated MB dye before

and MB dye-free water after 10 passes.

Figure 3-3 depicts the experimental apparatus and performance of the multifunctional

membrane for the separation of surfactant-stabilized oil-in-water emulsions and in-situ or-

ganic pollutants degradation. MB dye-contaminated DI water was used to prepare three
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surfactant-stabilized hexadecane-water emulsions with volume ratios of 1:4, 1:1, and 4:1 oil

to water. The 1:4 and 1:1 emulsions were prepared with SDS surfactant and are oil-in-water

while the 4:1 emulsion was prepared with Span80 surfactant and is a water-in-oil emulsion.

The prepared emulsions were separated and treated by photocatalysis as shown in Fig. 3-3a.

As a result of the selective wettability and photocatalytic activity of the multifunctional

membrane, the oil phase is retained above the membrane during the separation of all the

emulsions and MB dye-free water permeates through our membrane upon UV illumination

(I = 1050 mW/cm 2 ) after only one pass as shown in Fig. 3-2b. Optical microscopy images

and droplet size distributions of each emulsion and its permeate, provided in Supplementary

Fig. B-6 and Fig. B-7, indicate that large droplets (> 2 pm) did not permeate through the

multifunctional membrane. The oil rejection and MB dye degradation efficiency for each

emulsion are given in Fig. 3-3c. These results indicate that our multifunctional membranes

demonstrate excellent oil rejection efficiency (~ 99.99%) with surfactant stabilized emul-

sions in addition to simultaneous organics degradation efficiency (-99.9%) for all emulsions.

Because the tested emulsions are more viscous than bulk water and because a gel layer of

retained oil droplets inevitably forms on the membrane surface [36, 72], the flux is retarded

to 190 9, 128 6, and 60 3 L/m2-hr for the 1:4, 1:1, and 4:1 oil-water emulsions, re-

spectively. While these fluxes are lower than what is shown in Fig. 3-2c, they are still high

for micro- and ultra-filtration processes [36] and are achieved solely by gravity. The flux

retardation increases the residence time of water through the TiO2 -UV reactor and leads

to complete degradation of organics in all emulsions with a single pass.

We now characterize the photocatalytic degradation performance of water contaminated

by MB dye. Degradation efficiency is defined as a = I- Ct/Co where Ct is the concentration

of pollutant as a function of time and Co is the initial concentration (mg/L). The degradation

efficiency of our multifunctional membrane can be seen to increase asymptotically towards

100% with increasing number of passes for a constant UV intensity (I = 372 mW/cm 2 )

until a = 95.3% at 12 passes as shown in Fig. 3-4a. The same trends were observed with

respect to increasing intensity for a constant number of passes (n = 2, 6, and 10) as shown

in Fig. 3-4b. a reaches its maxima (-100%) for I > 1050 mW/cm2 and n = 10 passes.

In order to better understand system performance for a wide variety of operating param-
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Figure 3-3: Solely gravity-driven separation of surfactant-stabilized oil-

water emulsions and simultaneous in-situ degradation of organic pollu-

tant. (a) A photograph of the apparatus for oil-water emulsions sepa-

ration. Hexadecane-in-water surfactant-stabilized feed emulsion (1:1 by

volume) sits above the SSFT membrane. Water is dyed blue (methy-

lene blue dye as an organic pollutant). (b) Organic pollutant-free water

is collected as permeate at the bottom of the apparatus while oil is re-

tained. (c) Simultaneous emulsion oil rejection (1:4, 1:1, and 4:1 by vol-

ume hexadecane-water surfactant- stabilized feed emulsions respectively,

left blue bars) and organic pollutants (MB dye) degradation efficiency

(right red bars) of SSFT multifunctional membrane after one pass under

1050 mW/cm 2 UV irradiation intensity.
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Figure 3-4: Degradation of organic pollutants (MB dye) using a TiO 2

coated membrane upon UV illumination. (a) Degradation efficiency a

(%) of TiO 2 coated membrane as a function of number of passes at con-

stant UV light intensity. (b) Degradation efficiency a of TiO 2 coated

membrane as a function of UV light intensity at constant number of

pass. (c) Schematic illustration of organics degradation system and rele-

vant parameters for degradation model (not to scale). (d) Collapsed plot

of degradation efficiency a (%) as a function of X (mW 1/ 2 -s/cm). Sym-

bols correspond to empirical data while the dashed line corresponds to the

degradation model. Model yields very low maximum (< 4%) and mean

errors (1.2%). Where error bars (standard deviation of three measure-

ments) cannot be seen, the uncertainty is smaller than the data marker.
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eters, we develop a model to describe the trends seen in Fig. 3-4a and Fig. 3-4b. Figure 3-4c

shows the degradation system comprised of the coated mesh membrane and permeate coat-

ing in addition to parameters which are relevant for the degradation model. The TiO 2

reactor volume refers to the effective volume over the membrane surface area which partici-

pates in the photo-degradation process when excited by UV (See Supplementary Fig. B-8).

Equation 3.1 gives the expression for degradation efficiency (see Supplementary Sec. B.1 for

derivation details):

a 1-exp j ) -1 - exp (-,3X) (3.1)
JwAs -

where I is the intensity of the UV illumination (mW/cm 2 ), V is the active volume (volume

of reactor) of the TiO2 coating reactor through which the permeate flows (m3 ), J, is the

average permeate flux per pass (m/s), A, is the wetted surface area of the membrane (m2 ), n

is the number of passes, and X is a variable which encapsulate all system operating parame-

ters. # is the photocatalytic degradation system figure of merit with units of (cm/mWI/ 2 -s)

and is a function of the choice of photocatalytic surface used, the wavelength of the UV

source, the type of reactor, the type of organic pollutant present in the water phase, and the

turbidity of the feed solution. Equation 3.1 shows that a higher value of # results in greater

degradation efficiency for fixed X. Our figure of merit can be used by other researchers for

photocatalytic purification in both batch mode (n > 1) and continuous operation (n = 1).

In our experiments, the intensity was varied from I = 150 to 1530 W/cm2 with up to 12

passes. Our permeate flux was J, = 1.12 x 10-3 m/s and our reactor volume was estimated

to be Vr = 2.55 x 10-9 M3 (Calculations are detailed in Supplementary Sec. B.2).

A collapsed plot showing degradation efficiency a as a function of X is shown in Fig. 3-4d,

where we see that a reaches its maxima (-100%) at a high UV intensity (I = 1050 mW/cm 2 )

and n = 10 passes. Detailed experimental parameter inputs, empirical results, model results,

and errors are provided in Supplementary Sec. B.2. Fitting Eq. 3.1 to the data shown in

Fig. 3-4d results in 0 = 1.174 cm/MW 1/ 2-s. For the range of parameters used in our study,

the first-order photocatalytic rate constant kapp = 111/2 varies between 14.38 x 10-3 and

45.93 x 10- 3 S-1 which is similar in magnitude to values reported in the literature [59,
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73]. Across all data, our maximum model error was 3.9% while our mean error was 1.2%.

According to our model, at a UV intensity of 1185 mW/cm 2, if we were to retard the flux

in our experimental apparatus 3 to 5.56 x 10-3 M/s (200 L/m2 -hr), a typical flux used in

the micro- and ultra-filtration industry [36], a 4-log reduction (a > 99.99%) in organic

contaminants can be achieved with only 1 pass or continuous flow.

According to Eq. 3.1, a factor of 10 reduction in flux results in greatly enhanced organic

degradation performance as can be seen in Fig. 3-3d, where all emulsions achieve nearly

100% degradation efficiency. Using the mean flux values given above for each emulsion

along with the intensity used during emulsion separation, the number of passes, and the

TiO 2 coating excitation volume, our values for X were 7.79, 11.56, and 24.65 mWI/ 2 -s/cm

for the 1:4, 1:1, and 4:1 emulsions, respectively. Using these values of X, the 3 value

corresponding to our system, and Eq. 3.1, our model correctly predicts absolute 100%

degradation efficiencies.

3.4 Conclusions

In summary, we have successfully developed and demonstrated the first single-step multi-

functional membrane with in-air selective wettability (oil is retained) and photocatalytic

properties. Our fabricated membrane is highly robust and easy to manufacture. It uses two

distinct coatings on one porous mesh to simultaneously separate oil and water via gravity

and purify permeate in-situ with ultraviolet radiation. Because a separate coating is used

for degradation which does not participate in oil-water separation, our membrane provides

flexibility in the choice of photocatalyst based on the pollutants present in the water phase

and the wavelength of the radiation source. Our multifunctional membranes demonstrated

excellent oil rejection with bulk oil-water mixtures and oil-in-water and water-in-oil sur-

factant stabilized emulsions in addition to simultaneous organics degradation (using MB

dye as a model contaminant). We presented an accurate analytical model (mean error =

1.2%) to predict the organic degradation performance of the permeate-side coating (TiO 2 )

3We can retard the flux by introducing the oil-water mix at a lower desired flow rate, using a feed solution
with a greater viscosity, using a mesh with smaller pore sizes, or by implementing a porous plug above the
membrane to increase the hydraulic resistance to flow.
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of our multifunctional membrane for batch and continuous flow systems. We defined a figure

of merit, 0 with units of cm/mW1 / 2-s, which can be used to compare degradation perfor-

mance between photocatalytic systems by other researchers. We expect that our single-step

multifunctional membranes could be used for effective separation of oily wastewaters and

simultaneous degradation of organic pollutants, showing great potential for oil-water sepa-

ration and simultaneous treatment of hazardous pollutants from wastewater at an industrial

level.
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Chapter 4

On the limitations of in-air

superhydrophilic/oleophobic

membranes for oil-water emulsion

separation

Chapter abstract

Novel surfaces which are simultaneously hydrophilic and oleophobic (HL/OB) in air are

of emerging interest for oil/water separation applications. In this work, we determine the

anti-oil fouling potential of in-air superhydrophilic/oleophobic microfiltration membranes

vs. in-air superomniphilic (superphilic to water and oil) membranes. This is the first study

to isolate the effects of in-air oleophobicity on membrane fouling performance by maintaining
in-air hydrophilicity constant between experiments. We present theory for anti-oil fouling

membranes and discuss all known mechanisms which endow a surface with HL/OB proper-

ties including surface reconstruction by mobile perfluoroalkyl chains. Cellulose membranes
are functionalized with perfluoroalykl chains using silane chemistry and characterized with
scanning electron microscopy, atomic force microscopy, x-ray photoelectron spectroscopy,
and goniometry. Coated and uncoated membranes are fouled with surfactant-stabilized and
surfactant-free oil-in-water emulsions and flux decline and flux recovery after cleaning are

quantified. We find that despite excellent oil repellency in air, coated and uncoated mem-
branes exhibit the same underwater advancing and receding oil contact angles due to surface
reconstruction. During fouling tests, we also find no discernible difference in flux decline
or recovery between coated and uncoated membranes. Given observed results, we con-
clude that in-air HL/OB membranes which rely on surface reconstruction for their unique
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in-air wettability do not boost anti-fouling performance underwater. Finally, we discuss
future research directions for the development of anti-fouling membranes using fluorinated
moieties.

4.1 Introduction

Effective separation of oil-water (O/W) emulsions is a growing field of research and is

important for treating oily wastewater from a variety of industries including oil & gas,

metalworking, and food production. Membranes are typically preferred for oily wastewater

treatment over chemical methods, hydrocyclones, and dissolved air flotation due to their

low cost, ease of use, and their ability to separate fine emulsified droplets of oil (droplet

diameter d < 10 pm) [4, 35, 36, 74]. Oily wastewaters in particular, however, are difficult

to treat with membranes due to their tendency to severely foul membrane surfaces during

operation [2, 19-22]. An oily wastewater of emerging concern is produced water, a byproduct

of hydraulic fracturing. These wastewaters can contain up to 1500 mg/L of total organic

carbon and up to 60 mg/L of oil/grease [5]. Much of this oil is in an emulsified form with

average oil droplet diameters around 1 pm [75].

To mitigate the effects of membrane fouling from oil and other organics present in feed

streams, the academic literature has focused intensely on the fabrication of anti-fouling

membranes via surface modification for reverse osmosis and micro-, ultra-, and nanofiltra-

tion membranes [23-25]. The vast majority of surface modification literature has focused on

increasing membrane hydrophilicity in order to prevent foulant attachment. A hydrophilic

surface is one which has a low apparent water contact angle on a substrate in an air envi-

ronment (*,a < 900) and prevents foulant attachment underwater due to steric repulsion

through the formation of a hydration layer [76]. Surfaces are typically made more hy-

drophilic by surface grafting/deposition of polymer brushes or thin films which contain

long-chain hydrophilic materials such as polyethylene glycol (PEG) [23] or zwitterionic

polymers [25].

Recently, surfaces were reported which show simultaneous in-air hydrophilicity and oleo-

phobicity (high apparent oil contact angle, 0* > 900) [26-31]. While some works did not

display surfaces with in-air oil contact angles greater than 900, they have still demon-
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strated surfaces where * > *a [33, 34, 68, 77]. In this work, we seek to determine

whether in-air hydrophilic/oleophobic membranes can outperform conventional in-air hy-

drophilic/oleophilic membranes during oil-in-water emulsion separation.

Each previous study has achieved in-air hydrophilicity/oleophobicity by combining two

elements: a fluorinated component to function as an omniphobic moiety with a hydrophilic

moiety and/or substrate to attract water. Some authors add nanoparticles or surface tex-

turing to enhance roughness and thereby magnify wetting behavior according to classical

Wenzel and Cassie-Baxter wetting states [66, 78]. These polymers can be coated onto porous

substrates by dip-coating, spin-coating, spray-coating, grafting, layer-by-layer deposition,

or chemical vapor deposition. Porous substrates can include woven metal meshes or fabrics.

Some in-air hydrophilic/oleophobic surfaces were fabricated by phase inversion [33]. Many

of these surfaces have been used for separation of oil-water bulk mixtures and dispersions in

addition to surfactant stabilized oil-in-water emulsions' by trans-membrane pressures from

gravitational and hydraulic head [26, 27, 29, 30, 32-34].

4.1.1 Mechanisms for in-air hydrophilicity/oleophobicity

Two reported mechanisms are responsible for endowing a surface with in-air hydrophilic and

oleophobic wettability. The first is surface reconstruction of mobile perfluoroalkyl (PFA)

chains in the presence of water [26, 27, 29, 30, 68, 81]. Sawada et al. were one of the first

to create in-air hydrophilic/oleophobic surfaces using a morpholino group as a hydrophilic

moiety and coupling them to a fluoroalkylated omniphobic tail. The functional group was

a trimethoxyvinylsilane and once functionalized onto a surface, these flip-flop type silane

coupling agents allowed for slow water wetting and oil (dodecane, YLV = 25.4) non-wetting.

Kota et al. used fluorodecyl polyhedral oligomeric silsesquioxane (f-POSS) cross-linked with

polyethylene glycol diacrylate (PEGDA) [26]; Yang et al. used a complex of sodium perflu-

orooctanoic acid (PFOA) and poly(diallyldimethylammonium chloride) (PDDA) and chi-

tosan [30, 81]; Pan et al. used a sparse deposition of fluorinated silane on cellulose sub-

Surfaces have also been reported which are in-air superoleophilic and superhydrophobic which can be
used to pass oil and retain water during separation [79, 80]. We will not focus on these surfaces, however,
as much of the industrial oily wastewater requiring treatment has a much greater volume fraction of water
than oil [2, 5, 10, 11 and therefore it is more effective to pass water through the membranes.

61



strates [29]; and Brown and Bhushan used a layer-by-layer spray coating of fluorosurfactant

(FS-50) and PDDA as the omniphobic and hydrophilic moieties [53], respectively. Authors

claim that reconstruction of mobile PFA chains allow for water wetting and oil non-wetting

behavior. It would seem that water, and not oil, wets these surfaces because of water's

polarity [29] which may interact with polar CF3 groups to aid in surface reconstruction.

The PFA chains used in these studies were long chains and had at least 8 fluorinated carbon

atoms ([CF 2]y-lCF 3 where y > 8).

Surface reconstruction in the presence of certain liquids has been explored in the liter-

ature [82, 83]. Honda et al. showed that for saturated surfaces where the intermolecular

distance between PFA chains is very small, long PFA chains (y > 8) remain crystalline when

in the presence of water on spin-coated fluoroalkyl acrylate thin films which makes these

surfaces hydrophobic. Despite the fact that the studied surfaces were saturated with PFA

chains, shorter PFA chains reconstructed in the presence of water, exposing the carbonyl

groups which laid below the PFA chain [82]. As further evidence of surface reconstruction,

Honda et al. showed that surfaces with shorter PFA chains exhibited strong CF3 and CF2

bond presence in air using x-ray photoelectron spectroscopy. After wetting these surfaces

in water, however, the hydrated surfaces showed no CF3 or CF2 bonds.

One may deduce, therefore, that in-air hydrophilic/oleophobic surfaces with long PFA

chains are able reconstruct in the presence of water and not oil due the sparse packing

density of PFA chains. We also may expect that once in a hydrated state, CF3 and CF2

groups may not be exposed due to surface reconstruction.

The second observed mechanism for in-air hydrophilicity/oleophobicity is kinetic wet-

ting [84]. In this case, water and oil both slowly penetrate 'pores' created and eventu-

ally wet coated surfaces after long times. Because water molecules are smaller than oil

molecules, however, they are able to more quickly penetrate 'pores', resulting in an in-air

hydrophilic/oleophobic surface. While membranes by Zhu et al. may take advantage of this

mechanism [33], the majority of membranes in the literature rely on surface reconstruction.

We therefore considered surface reconstructing membranes in the present work.
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4.1.2 Advantages of in-air hydrophilic/oleophobic membranes

The literature has claimed four distinct advantages for in-air hydrophilic/olephobic surfaces

over simply in-air hydrophilic/oleophilic surfaces. These include (1) in-air self-cleaning

without detergents, (2) no water pre-wetting required for oil-water separation, (3) separation

of water-in-oil emulsions, and (4) anti-fouling.

(1) Self cleaning is the ability of a surface to repel a liquid so effectively that the liquid

carries away surface-bound detritus during its movement along the surface. Numerous works

have described self-cleaning HL/OB surfaces in which an oil droplet pinned to the surface

of a membrane can be carried away once water is added to the membrane surface in an air

environment [30, 32, 77, 85].

(2) In-air hydrophilic/oleophilic membranes require pre-wetting with water before sepa-

ration of oil-water mixtures. An in-air hydrophilic/oleophobic membrane obviates the need

for pre-wetting because oil contacting these membranes does not wet and become imbibed

within the surface in an air environment [26, 80].

(3) Separation of water-in-oil emulsions with water passage through membrane pores

has also been demonstrated by researchers [26] and is only possible using in-air hydrophilic

and oleophobic membranes.

(4) Finally, anti-fouling stemming from the presence of fluorinated moieties has been

claimed by several researchers in the literature [26, 32, 33, 86]. Anti-fouling performance

can be quantified by reduced flux decline and/or greater flux recovery [26, 33, 86] during

oil-water fouling tests and cleaning. It may also be measured by reduced passage of oils

through coated membrane surfaces [32].

With the exception of anti-fouling, the above advantages function in an air or oil environ-

ment. With regards to advantage (3), many oily wastewaters which require treatment are

comprised of oil-in-water emulsions [2, 5, 10, 11]. With regards to advantages (1) and (2),

conventional membrane systems are thoroughly pre-wetted by water before any exposure to

foulants. These membrane systems remain underwater, unless during air-sparging in cer-

tain applications [22], throughout their lifetimes. Therefore, to understand whether in-air

hydrophilic/oleophobic membranes outperform conventional in-air hydrophilic/oleophilic
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membranes, we test both types of membranes for anti-oil fouling performance.

In this work, we functionalized in-air superhydrophilic/superoleopilic membranes to be-

come in-air superhydrophilic/oleophobic. These membranes owe their unique in-air wet-

tability to surface reconstruction. We characterized membrane surfaces using scanning

electron microscopy, atomic force microscopy, x-ray photoelectron spectroscopy. We also

measured in-air water and oil and underwater air and oil contact angles to understand how

coated membranes function underwater. Due to surface reconstruction, we observed that

underwater oil contact angles were identical for coated and uncoated membranes. Finally,

we observed that uncoated and coated membranes exhibited very similar flux decline when

fouled with surfactant-stabilized hexadecane-in-water emulsions and similar flux recoveries

after rinsed with water.

4.2 Anti-fouling and wetting theory

In this section we will show that the anti-fouling performance of a membrane can be inferred

from its underwater oil substrate contact angle. We will also show how increasing the in-air

contact angle for oil on a substrate can lead to greater underwater oleophobicity.

4.2.1 Work of adhesion for droplet attachment and removal

Consider a substrate submerged in a water environment. If colloidal oil droplets are present

in the feed and if the substrate is a membrane which passes water, then oil droplets will be

advected towards the membrane surface via a drag force during operation. Eventually an oil

droplet may land on the membrane surface, forming a three phase interface between water

(w), oil (o), and substrate (s) with an apparent underwater contact angle 0, as shown

in Fig. 4-la. An anti-fouling membrane is one which would both prevent droplets from

attaching to the substrate in the first place and enhance droplet removal from the substrate.

To consider these interactions, one could express the work of adhesion W (mJ/m2 ) for

droplet attachment and removal as a function of three interfacial energies (substrate-oil,

yo; substrate-water, ; and oil-water, yow):
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Wattachment NYso - (7sw - NOy) (4.1)

Wremovai -Wattachment (4.2)

Equation 4.1 is derived by considering the work required to create a substrate-oil inter-

face from a substrate-water and oil-water interface while Eq. 4.2 is derived by considering

the work required to create a substrate-water and oil-water interface from a substrate-oil

interface. We can relate the three interfacial energies to the contact angle of the droplet on

a flat substrate using the Young-Dupre equation:

7 0w cos 0 W =8W - NO (4.3)

where 0 is the contact angle on a flat surface. We will now express the work of adhesion for

droplet attachment and removal as a function of contact angle. First let us consider that

during oil droplet attachment, an oil droplet will advance onto the substrate whereas during

droplet removal, a droplet will recede from the substrate. Therefore, Wattachment f(0ow, A)

and Wremovai = f(Oow, R). Substituting Eq. 4.3 into Eqs. 4.1 and 4.2, we obtain the work

of adhesion for droplet attachment and removal as a function of the oil-water interfacial

energy and the dynamic contact angles of oil on the substrate:

Wattachment - ow (1 + cos Oow , A) (4.4)

Wremovai = 'ow(1 + cos Oow , R) (4.5)

Since the work of adhesion is defined as > 0 for work done by the system comprised of

the three phases in contact, we can infer that Wattachment < 0 because work must be done on

the system to prevent oil droplet attachment. Figure 4-1b shows Wattachment and Wremoval

for a range of underwater advancing and receding oil contact angles and the interfacial

energy between hexadecane and water -yo7w = 52.5 mJ/m 2 . We can see that the work of

adhesion for both droplet attachment and removal approach zero as the advancing and

receding contact angles approach 180'. Therefore, droplet attachment is minimized and
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removal is maximized for an underwater superoleophobic (Oo" > 150') substrate with very

small hysteresis A6,, = Oow, A - Oow, R < 1. In the presence of surfactant, the interfacial

energy between oil and water will decrease, thereby decreasing the work of adhesion for

attachment and removal.

Despite the fact that the above framework is developed for flat surfaces and that many

conventional membranes are not flat, we can use the above framework to infer which mem-

brane may be more anti-fouling to oil within a water environment by comparing the ad-

vancing and receding underwater oil contact angles and given two membranes with a similar

surface texture but different surface chemistry.
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Figure 4-1: Wetting of a substrate by liquids in water and air environ-
ments. (a) Drawing of an oil droplet on a substrate in a water environ-
ment. (b) Work of adhesion for oil droplet attachment and removal as a
function of the advancing and receding contact angles of oil underwater.
(c) Drawings of a water and oil droplet on a substrate in an air envi-
ronment. (d) Underwater oil contact angle as a function of the in-air oil
contact angle on a substrate for contours of in-air water contact angle.
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4.2.2 Increasing underwater oleophobicity

Here we show that classic wetting theory explains how a substrate which is in-air hy-

drophilic/oleophobic can improve its underwater oleophobicity for a given hydrophilicity.

Following Jung & Bhushan [48], we write the Young-Dupre equation for a water and oil

droplet on a substrate in an air environment as shown in Fig. 4-1c:

Ywa cos Owa = sa - Ysw (4.6)

aoa cos 0 oa = Na - No (4.7)

We can now combine Eqs. 4.3, 4.6, and 4.7 to express the static underwater oil contact

angle on a substrate as a function of the static in-air water and oil contact angles in addition

to the liquid-liquid and liquid-air interfacial energies:

cos 0 - Yoa cos 0 oa - 'Ywa cos Owa (4.8)
7ow

Equation 4.8 shows us that for an in-air hydrophilic surface (0wa < 90'), as the in-

air oil contact angle is increased, it is thermodynamically possible for the underwater oil

contact angle to increase as well as shown in Fig. 4-1d. We must assume, however, that

the surface energies Ya, -y,, and rno do not change from one environment to another.

This assumption is violated during surface reconstruction. As we will see in the results

section, in-air oleophobicity does not yield greater underwater oleophobicity when surface

reconstruction occurs. As a result, only hydrophilicity is required for anti-oil fouling and

coated membranes do not outperform uncoated membranes.

4.3 Experimental section

4.3.1 Membranes

Microfiltration membranes used were made of 100% regenerated cellulose with a mean pore

size of 0.2 ptm (Whatman RC58, General Electric).
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4.3.2 Coating preparation and application

The present coating method makes use of a perfluoroalklyl-triethoxysilane monomer shown

in Fig. 4-2a. Before coating, many polymer membranes exhibit hydrophilicity and super-

oleophilicty as shown in Fig. 4-2b. The triethoxysilane functional group in the fluorosilane

monomer reacts with surface-bound hydroxyl (OH-) groups via a condensation reaction to

form a C-O bond and ethanol. Hydroxyl groups are naturally present in cellulose substrates

but are enhanced by oxygen plasma treatment (corona treatment) as shown in Fig. 4-2c

and d. This reaction bonds a perfluoroalkyl (PFA) chain to the membrane surface. The

PFA chain is responsible for endowing a surface with omniphobicity (HB/OB). However,

because the polymer substrates used in this study also contain strong hydrophilic moieties,

and because the ethoxy functional group has a mild reactivity which limits the graft density

of fluorosilane on the substrate surface [29], the coated polymer surface allows polar sol-

vents, such as water, to wet the surface while non-polar solvents, such as oil, bead up on the

membrane surface after coating as shown in Fig. 4-2e. A longer length of the PFA chain,

determined by y number of carbons in the fluoroalkyl chain (not including the CH2 spacer

group), should increase the water and oil contact angles on the membrane surface [82, 87].

We follow four steps to make polymer membranes simultaneously HL/OB. Plasma treat-

ment at 18 W power for 300 sec in a 13.3 Pa vacuum is first used to create OH- (hydroxyl)

groups on the surface of polymer membranes. Membranes are then placed into a vac-

uum chamber (Bel-Art) with roughly 5 mL of (Heptadecafluoro-1,1,2,2-tetrahydrodecyl)-

triethoxysilane (Gelest) solution at the bottom of the chamber for functionalization in a

heated environment. The reaction is allowed to occur for 20 hrs at 200, 40', 60', 80 C.

Coated membranes are submerged in EtOH (>99.8%, Sigma Aldrich) for 5 min and air

dried before use to dissolve unreacted silane oligomers.

4.3.3 Membrane surface characterization

Surface visualization and roughness

A field emission scanning electron microscope (FESEM) (Zeiss Supra 55VP) is used to

visualize the surface of as received and 02 plasma treated membranes. We performed this
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Figure 4-2: Scheme for creating hydrophilic/oleophobic coatings on com-

mercial polymer membranes. (a) Fluorosilane monomer used for surface

coating. (b) Typical polymer membranes are ambiphilic to water and oil.

(c) Plasma treatment creates hydroxyl groups on polymer surface. (d)

Triethoxysilane functional group reacts with hydroxyl groups to bond the

PFA chain to the membrane surface. (e) Resulting membrane is in-air

hydrophilic/oleophobic.
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test to visualize whether plasma treatment significantly altered or damaged the surface of

the membranes. Membranes are sputter coated with platinum before imaging to prevent

charging and FESEM images are taken at 2.00 kV electron beam potential.

We use atomic force microscopy (AFM) (NX1O, Park systems) on a 10 x 10 /Lm section

of membrane to analyze the roughness of as received and coated membranes. AFM results

are used to calculate RMS roughness Rq and Wenzel roughness r = Aactual/Aprojected where

A is area. Standard deviations are calculated for both parameters by calculating Rq and r

at four 5 x 5 pm locations (NW, NE, SW, and SE).

Surface chemical analysis

We analyze the elemental composition and covalent bond structures of the coated mem-

branes with X-ray photoelectron spectroscopy (XPS) (K-Alpha, Thermo Scientific). We

take survey spectra from 0-1350 eV as well as Cis core level spectra for each membrane

with XPS using a 0' take-off angle.

Contact angles

We use a goniometer (Model 500-Fl, rame-hart) with an automated dispensing system

(100-22, rame-hart) for measuring in-air contact angles for water (YLv = 72.5 mN/m) and

hexadecane (YLv = 27.5 mN/m) and underwater contact angles for hexadecane and air.

Throughout all advancing, static, and receding contact angle measurements, we use less

than 7 ML of solvent to ensure that gravity/buoyancy effects are negligible (Bo < 1). Static

angles are taken by removing the dispensing needle after a drop of water, oil, or air has been

dispensed onto the surface and waiting 1 min. We use a standard quartz cell (100-07-50,

rame-hart) with an inverted stainless steel needle for underwater oil and air measurements.

For in-air and underwater measurements, averages and standard deviations were calculated

from six data points resulting from the left and right contact angles of three runs per phase

(water, oil, or air).
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4.3.4 Fouling tests

Dead-end and crossflow tests were performed to assess the flux decline and flux recovery of

coated vs. uncoated plasma treated membranes. We use 02 plasma treated membranes as

the control rather than uncoated membranes in the case that plasma treatment may slightly

alter membrane pore sizes. After plasma treatment, uncoated membranes are not used for

at least 1 day in order to allow for OH- groups to equilibrate.

Dead-end batch tests

Dead-end flow tests were performed in batch mode using a stainless steel stirred cell

(HP4750, Sterlitech). Pressure was measured using a pressure gauge (GH-68930-10, Ashcroft)

and was supplied to the cell via a nitrogen tank connected to a two-stage gas regulator (Air-

gas) and an accurate low pressure gas regulator (R-800-3.5, Airtrol) in series. Pressure was

mantained at 10 kPa throughout all experiments. Permeate was collected on a digital scale

(Ohaus) and its mass was measured as a function of time. The cell has an active mem-

brane area of 14.6 cm2 . Before filtration, both coated and plasma treated membranes were

prepared by soaking in EtOH for 5 min and then DI water for 10 min.

Flux as a function of time in LMH (L/m2 -hr) was calculated by a forward finite difference

method: J = Am/(At - Am - pp) where Am and At are the incremental differences in

permeate mass and time, Am is the membrane area, and pp is the density of permeate

which we assume to be that of pure water.

All dead-end fouling tests were comprised of a DI water permeability test, in which

300 mL of DI water was filtered through the membranes; a fouling step, in which the

membranes are subjected to concentrated emulsion for 2 hrs to assess flux decline; a cleaning

step, where membranes are rinsed once for a 5 sec duration under flowing tap water at

23.0 L/min; and a second permeability test, in which membranes are once again tested with

300 mL of DI water to assess flux recovery. A stirrer at 200 rpm was used during both DI

water filtration runs to minimize pore blockage from possible contaminants in the cell. No

stirrer was used during the emulsion filtration step to simulate a worst-case scenario.

Flux decline was defined as FD =1 - JS/JO where J0 is the initial flux during the
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fouling run and J,, is the steady state flux after two hours of fouling. Flux recovery was

defined as FR = J, 2 /Ji where Jji is the average flux during the first DI water filtration

step and J2 is the average flux during the DI water filtration step after fouling.

Surfactant-stabilized emulsions for dead-end batch tests were 2500 mg/L oil-in-water

with a 10:3 oil to surfactant ratio by weight. They were prepared by adding 1300 PL of

hexadecane (99.9%, Sigma Aldrich) and 0.30 g of sodium dodecyl sulfate surfactant (SDS,

Sigma Aldrich) to 400 mL of deionized (DI) water and shearing in a blender (Waring) at

22,000 rpm for 3 min. Surfactant-free emulsions were prepared by blending 1300 AL of

hexadecane in 400 mL of DI water. Of this mixture, 300 mL was added to the dead end

flow cell after the gas-liquid foam resulting from the blending destabilized over roughly

30 min. The remaining 100 mL was saved for analysis. Surfactant concentrations (2.6 mM)

were well below the critical micelle concentration of SDS (7-10 mM). Surfactant-stabilized

emulsions were visibly stable for at least a 24 hr period and surfactant-free emulsions were

visually stable with the exception of a small amount of coalesced oil observed after 2 hrs.

No trend was observed between the permeability of uncoated plasma treated and coated

membranes. Average membrane permeability across all membranes, as measured during the

first DI water filtration run, was 11485.3 1084.0 LMH/barg.

Crossflow tests

Crossflow tests were performed using a setup described elsewhere [75] with an additional

positive displacement pump (Tuthill) connected to the permeate line. The pump was pre-

cisely controlled using a variable frequency drive (Lenze) and a low-flow digital mass flow

meter (Bronkhorst). A closed-loop control scheme was implemented which allowed for mem-

branes to be backwashed by clean permeate at a constant flux. For crossflow tests, initial

flux was set to J = 100 LMH before foulant addition. For Triton-X100 emulsion tests,

membranes were backwashed for exactly 1 min at Jb = 200 5 LMH after 45 min of foul-

ing. After backwashing, the permeate line was removed from the permeate tank for exactly

80 sec to prevent a spike in flux due to rapid pressure equilibration.

Emulsions for crossflow tests were prepared by adding 11.66 g of hexadecane and 1.17 g

of SDS surfactant or 724 pL of nonionic Triton X-100 (Sigma Aldrich) to 500 mL of DI
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water and shearing in a blender for 3 min. Of this mixture, 400 mL was added to 9.6 L

of DI water in the system feed tank after the gas-liquid foam resulting from the blending

destabilized over roughly 30 min. Prepared emulsions were visibly stable for at least a 24 hr

period.

Droplet size distributions for dead-end and crossflow emulsions were determined using

dynamic light scattering (ZetaSizer, Malvern) and had a log-normal distribution with an

average oil droplet diameter of 1 i 0.1 pm for both surfactant-stabilized and surfactant-

free emulsions. These oil droplet sizes are representative of those found in feedwaters from

produced water applications [75].

4.3.5 Robustness test

Coated membranes are ensured to be robust underwater by submerging them in a water

bath for 5 hrs, drying them in a vacuum, and measuring in-air hexadecane contact angles.

No change in contact angle was observed after this test, indicating that membranes were

robust for filtration tests.

4.4 Results and discussion

4.4.1 Surface visualization and roughness

Silane grafted PFA chains are deposited on coated membrane surfaces in an extremely thin

layer which will not be visually observable. The plasma treatment step, however, may

lead to some membrane alteration. To ensure membrane integrity was maintained after

plasma treatment, Fig. 4-3 shows FESEM results for uncoated (a) and 02 plasma treated

membranes (b). Both surfaces were porous with a loose network of cellulose fibers and we

observed that membrane surfaces were not significantly altered after plasma treatment.

Figure 4-4 shows AFM results for (a) uncoated and (b) coated membranes which un-

derwent PFA deposition at 20 C. We observed that the coated membrane exhibited a

slight decrease in roughness due to plasma treatment. Uncoated membranes had an RMS

roughness of Rq = 217.75 22.51 nm and a Wenzel roughness of r = 1.74 0.02. Coated

membranes had Rq = 160.25 11.67 nm and r = 1.41 0.02.
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(a) Uncoated membrane

Figure 4-3: FESEM results for
treated membrane.
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Figure 4-4: AFM results for (a) Uncoated and (b) 20 C coated mem-
brane. Root mean square (RMS) roughness Rq and Wenzel roughness r
are given for each substrate surface.
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4.4.2 Surface chemical analysis

XPS results are shown in Fig. 4-5. Before coating, membranes showed strong Ols and Cis

peaks indicative of the cellulose chemical structure as shown in Fig. 4-5a. Coated membrane

surfaces showed significant Fis peaks, indicating the coating technique was successful. We

observed that an increase in PFA deposition temperature increased Fis peaks as evident

between the 20 C and 80 C coated membrane spectra. The Cis core level spectra resolving

results for the uncoated and 20 C and 80 C coated membranes are shown in Fig. 4-5b. We

clearly observed a presence of CF3 and CF2 bonds in coated membranes which comprise

the PFA chain. As expected, these peaks are more present in the 80 C coated membrane

than the 20 C membrane. We attribute this increase in CF3 and CF2 to an increase in PFA

graft density (PFA chains/nm2 ). From here, we used deposition temperature as a proxy for

PFA graft density.

FIs

80*C coated Cis

20'C coated

Uncoated

CF3 CF2 C=O C-O C-C

80"C coated

20*C coated

Uncoated

800 700 600 500 400 300 200 295 290 285

Binding energy (eV) Binding energy (eV)

(a) Survey scan (b) Cis scan

Figure 4-5: XPS survey scan for (a) uncoated vs. 20 0C and 80 'C coated

membranes. (b) Cis core level spectra resolving results for uncoated vs.

20 C and 80 0 C membranes.

280

4.4.3 Contact angles

The increase in PFA chain graft density resulting from increasing deposition temperature

also affected surface wetting behavior. Figure 4-6 shows that an increase in deposition

temperature resulted in an increase in advancing water contact angle in an air environ-

ment. Advancing hexadecane contact angles increased slightly from ~ 1200 with deposition
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temperature. Although not shown, water fully wets the 200, 40', 60', 80 C coated mem-

branes due to surface reconstruction, although time of wetting increases with deposition

temperature.

160

0
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C.)

C
0
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0)

M

_0
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80 I-
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0

20 40 60
Deposition temperature (*C)

80

Figure 4-6: In-air advancing contact angles for water and oil (hexadecane)
on coated MF membranes.

Figure 4-7 provides surface wetting results for water and hexadecane in air and water

environments. Results are given for uncoated, 20 C coated, and 80 C coated membranes.

From the in-air static contact angle results, we observed that uncoated membranes were om-

niphilic, 20 C coated membranes were superhydrophilic and oleophobic, and 80 C coated

membranes exhibited high water and oil contact angles after solvent deposition.

In air environments, cellulose membranes wick in water due to their highly porous nature

as can be seen in Fig.4-7a. Therefore, underwater static contact angles for air are provided

to give a better measure of hydrophilicity. After submerging all membranes in water, their

hydrophilicity is maintained as is evidenced by the nearly identical underwater air contact

angles.
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Oil contact angles for uncoated vs. coated membranes, despite being drastically different

in air, were nearly identical under water. This is due to surface reconstruction. Remember

that, given enough time, water is able to wet 20 'C-80 'C coated membranes in air due to the

high mobility of PFA chains. When membranes are submerged in water, the same surface

reconstruction occurs so that when oil is placed onto the membrane with a reconstructed

surface, the oil appears to see no fluorinated groups which may have contributed to an

increase in oil contact angle. We also noted an extremely low hysteresis for underwater oil

contact angles. This is due to the extreme hydrophilicity of cellulose membranes stemming

from its numerous hydroxyl groups.

Note that at such high underwater contact angles (> 1500), the goniometer begins to

lack resolution to distinguish between angles. Therefore, we subjected uncoated and coated

membranes to emulsion fouling tests to determine whether coated membranes were more

anti-fouling than uncoated membranes.

4.4.4 Fouling tests

Figure 4-8 shows results from dead-end batch filtration of SDS-stabilized hexadecane-in-

water emulsions using uncoated plasma treated membranes and 20', 40', 60', 80 C coated

membranes. From Fig. 4-8a, we observed that the coating, irrespective of increasing graft

density as controlled by deposition temperature, did not lead to significant anti-fouling

improvements. Fig. 4-8b shows no trend between coating deposition temperature and ei-

ther flux decline or recovery. Systematic errors or membrane swelling were responsible for

some membranes having a flux recovery of greater than 100%. Along with the lack of im-

provement in underwater oil contact angles shown in Fig. 4-7, Fig. 4-8a and Fig. 4-8b are

further evidence that surface reconstruction underwater does not improve flux decline or

flux recovery performance.

An argument could be made that without a stirrer during fouling tests, flux decline may

have predominantly been due to a buildup of a gel layer on the membrane surface [36, 72]

which would have formed regardless of membrane surface chemistry. While dead-end batch

filtration tests without stirring have been used in other studies to determine improvements in

flux decline performance after membrane surface modification [32], we also subject uncoated
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Figure 4-7: Contact angles for water, oil (hexadecane), and air on un-
coated membranes (a)-(d), 200 coated membranes (e)-(h), and 80' coated
membranes in an air and water environment. (d), (h), and (1) give the
underwater advancing contact angle (0* ) and hysteresis (A6*) for oil on
uncoated and 20 C and 80 C coated membranes.
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plasma treated and coated membranes to crossflow emulsion fouling.

600
* Plasma treated 100

500 
20C coated

* 60'C
400 - 80'C 80
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200 -) 40 -

100 20 - m Flux decline
. Flux recovery

0.0 0.5 1.0 1.5 2.0 Plasma treated 20*C 40tC 60*C 80*C

Time (hrs)

(a) Dead-end batch filtration (b) Flux decline and flux recovery

Figure 4-8: Dead-end batch filtration of SDS-stabilized hexadecane-in-

water emulsions for uncoated plasma treated and coated (200, 400, 60',
and 80 C) membranes. (a) Flux vs. time plots (b) Flux decline and flux

recovery. Error bars in (a) and (b) are standard deviation from two tests

for each membrane.

Figure 4-9 shows flux vs. time results for crossflow filtration of uncoated plasma treated

and coated membranes using an SDS-stabilized (Fig. 4-9a) and Triton X-100-stabilized

(Fig. 4-9b) oil-in-water emulsion. We again observed no difference in flux decline or recovery

(in the case of Fig. 4-9b) during crossflow experiments.

Given observed results from underwater oil contact angle measurements, dead-end batch

experiments, and crossflow filtration experiments, we surmise that hydrophilic/oleophobic

membranes which rely on surface reconstruction for their unique wettability in air environ-

ments have no special application in water environments for oil/water separation.

4.5 Implications and directions for future research

Given our observed results, we recommend that future research on anti-fouling reverse

osmosis membranes continue to focus on improving in-air hydrophilicity and underwater

oleophobicity for mitigating the effects of oil fouling during desalination of oily wastewaters.

If fluorinated moieties, such as PFA chains, are to be used for mitigating fouling we believe

that they should not be allowed to dynamically reconstruct as they do in the present coating.

This can be achieved by securing the PFA chain within a monolith in combination with
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Figure 4-9: Crossfiow filtration of SDS and Triton X-100-stabilized
hexadecane-in-water emulsions for uncoated plasma treated and 20 C
coated membranes. (a) SDS-stabilized emulsion (b) Triton X-100-
stabilized emulsion

hydrophilic moieties to create a so-called amphiphilic membrane via phase inversion [33] or

phase inversion with "forced surface segregation" [88]. Amphiphilic surfaces fabricated via

initiated chemical vapor deposition which have been shown to reduce biofouling by hindering

protein adsorption [89] could also potentially be used to prevent PFA chain mobility in order

to mitigate oil fouling.

Finally, we recommend that researchers present the underwater oil contact angles of

coated and uncoated membranes, where possible, in future works investigating the potential

of in-air HL/OB membranes to prevent fouling.

4.6 Conclusions

In this work, we have prepared and characterized in-air superhydrophilic and oleophobic

cellulose membranes. For the first time, we have subjected in-air coated membranes to

realistic fouling conditions representative of conventional oil/water separation applications.

This is the first study to isolate the effects of in-air oleophobicity on membrane fouling

performance by maintaining in-air hydrophilicity and roughness as constant between exper-

iments. We present theory for anti-oil fouling membranes and discuss all known mechanisms

which endow a surface with HL/OB properties including surface reconstruction by mobile
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perfluoroalkyl chains.

Our major findings are below:

o Anti-oil fouling membranes should have high underwater oil contact angles to prevent

droplet attachment and aid in droplet removal.

o It is theoretically possible for a surface to experience an increase in underwater oil

contact angle with increasing in-air oil contact angles for a given in-air hydrophilicity.

These ideal surfaces, however, must retain their chemical nature underwater.

o Fluorosilane coated membranes in this work are in-air hydrophilic and oleophobic

due to reconstruction of mobile PFA chains in the presence of water. Their chemical

nature is not maintained underwater, however, as determined by identical underwater

oil contact angles for uncoated and coated membranes.

o No discernible difference is observed in flux decline or recovery for uncoated vs. coated

membranes due to reconstruction.

Given our observed results, we conclude that simultaneously in-air hydrophilic and oleo-

phobic membranes which rely on surface reconstruction by mobile perfluoroalkyl chains for

their unique in-air wettability do not experience an improvement in anti-oil fouling perfor-

mance during underwater oil/water separation.
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Chapter 5

In-air hydrophilic and oleophobic

reverse osmosis membranes

Chapter abstract

Today's polymer membranes are cheap and effective at desalinating saline water streams
via reverse osmosis (RO) or separating oil and solids from wastewater streams via ul-
tra/microfiltration (UF and MF). For desalination of oily wastewater streams, however,
these polymer materials suffer from degradation by suspended oil particles over time, adding
maintenance and membrane replacement costs for plant operators. RO membranes are
perhaps the most oil intolerant of all membranes, with some membrane manufacturers
recommending a remarkably low 0.1 mg/L minimum oil content in feed waters. Here we ex-
plore a method for coating RO membranes to become in-air hydrophilic/oleophobic without
affecting their permeability or salt passage using a perfluoroalkyl-silane chemistry. Fabrica-
tion steps are detailed and optimized to produce an RO membrane with the highest in-air
oil contact angle and lowest water contact angle. Optimized coated and uncoated mem-

branes were characterized by X-ray photoelectron spectroscopy, attenuated total reflectance-
Fourier transform infrared spectroscopy, atomic force microscopy, and by measuring in-air
and underwater oil contact angles. The coatings required the membranes to undergo some
oxygen plasma treatment which increased their roughness. Filtration tests using surfac-
tant stabilized and surfactant-free oil-in-water emulsions were performed on the optimized
coated membranes using as received RO membranes as a control. The coated membranes
saw little to no improvement in flux decline performance but did exhibit a slight increase in
flux recovery. These results, however, are likely attributed to the increase in the roughness
of the membrane during the coating process rather than the modified surface chemistry
of the membranes. Given observed results, we discuss future research directions for the
development of anti-fouling RO membranes.
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5.1 Introduction

One impediment to using reverse osmosis (RO) membranes to desalinate produced water and

other industrial wastewater streams is that RO membranes are highly prone to fouling by oil

during operation. Pretreatment processes are therefore crucial for enabling RO membranes

to perform reliably over a sustained period without significant maintenance or replacement.

By removing remaining oil and other suspended materials prior to the desalination step,

pretreatment processes can prevent irreversible damage from oil and particulate fouling.

RO membrane manufacturers such as DOW recommend pretreatment when oil and grease

contaminate RO feedwaters at levels above 0.1 mg/L [18]. Pretreatment processes are

designed to effectively remove both organic and inorganic solids from feed waters such as

those going to RO modules. These processes include gravity based separation tanks, media

filtration, and membrane-baspd technologies such as ultra/microfiltration (UF/MF) [37].

Improving the ability of a membrane to separate foulants, such as oil, from water while

maintaining high fluxes at low operating pressures has been a major focus of membrane

research for decades [23, 25]. It is well-known that the most desirable anti-fouling prop-

erties of a membrane are hydrophilicity and low surface roughness [23, 24]. A membrane

is hydrophilic if the in-air static contact angle of water is less than 900 (9, < 900). A

lower water contact angle indicates a greater surface affinity to water and results in lesser

interactions between the membrane surface and organic foulants.

Only recently has it been shown, however, that simultaneously in-air hydrophilic (HL)

and oleophobic (OB) membranes could significantly improve both the anti-fouling properties

and post-cleaning flux recovery of polymer membranes [32, 34]. The introduction of in-air

oleophobicity while maintaining a surface's hydrophilicity could introduce a new degree

of freedom with which to fabricate fouling resistant membranes. A membrane surface is

oleophobic if the in-air static contact angle of oil is greater than 900. While some HL/OB

membrane surfaces in the literature do not exhibit 6* > 90', they did show in-air oil contact

angles greater than that of water [32, 33, 84].

Several authors have fabricated in-air HL/OB membranes via different methods includ-

ing polymer phase inversion [33], spray-coating [27, 30], spin-coating [26], dip-coating [26,
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Figure 5-1: Photo and drawing of uncoated and coated reverse osmosis

(RO) membranes and their use for oily wastewater filtration and desali-

nation. (a) Static in-air water (dyed with Methylene Blue) and oil (hex-

adecane, dyed with Oil Red) contact angles on omniphilic as received

RO membranes and on coated membranes. (b) For oily wastewater de-

salination, ultrafiltration (UF) pretreatment is typically required before

desalination by RO due to oil sensitivity of the polyamide active layer.

The use of coated RO membranes could obviate this pretreatment step.
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27, 32], and chemical vapor deposition using silane [29]. All of these fabrication methods

were performed on micro- and ultra-filtration membranes with defined pores which were

comprised of either a polymer blend, cotton fabrics, glass membranes, or weaved stainless

steel meshes.

In this work we present a method, based on chemical vapor deposition of a perflu-

oroalkylated silane monomer, to make thin film composite reverse osmosis (RO) mem-

branes simultaneously HL and OB. Although silane modification of RO membranes has

been demonstrated in the literature [90, 91] for increasing salt rejection and improving chlo-

rine tolerance, using silane chemistry to produce simultaneously HL/OB RO membranes

has been demonstrated in neither the intellectual property nor academic literature. To our

knowledge, we are the first group to fabricate simultaneously HL/OB RO membranes. It is

non-obvious that a fluorosilane coating should allow for HL/OB surfaces because reports in

the academic literature suggest that these coatings are instead used for achieving simulta-

neously hydrophobic (HB) and oleophobic surfaces [28, 92, 93]. We achieve in-air HL/OB

by interrupting the chemical deposition process before the surface has reached a saturated

graft density. This lower graft density of surface bound perfluoroalkyl (PFA) chains allows

for greater chain mobility in the presence of polar solvents. We find the PFA chains crys-

tallize and do not become mobile in the presence of non-polar solvents, allowing water, but

not oil, to wet the optimally coated membranes in an air environment.

Our fabrication technique yields RO membranes with high in-air oil contact angles

and low water contact angles as shown in Fig. 5-1a. Underwater oil-resistant RO mem-

branes would offer substantial value in the simultaneous filtration and desalination of oily

wastewaters. This is because oil-resistant membranes could not only increase RO mem-

brane lifetimes, but also reduce capital and operational expenses by reducing or potentially

eliminating RO pretreatment, such as ultra-filtration systems, as shown in Fig. 5-1b.

We show that although the in-air HL/OB wetting behavior of coated RO membranes

seems promising, the dynamic nature of the surface grafted PFA chains underwater does not

improve their anti-fouling performance during desalination of foulant-contaminated feedwa-

ters. We first characterize coated and as received membrane surfaces to show the coating

behavior in-air and underwater. We then provide results for flux decline during desalination
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of saline oil-in-water emulsion flux recovery after in-air washing with water. We show that

while we found little to no improvement in flux decline, some flux recovery was seen for

coated membranes. This was likely due, however, to the surface roughness incurred during

plasma treatment. Finally, we provide recommendations for future research on membranes

using fluorinated moieties for anti-fouling performance.

5.2 Experimental section

5.2.1 Reverse osmosis membranes

Toray (UTC-82V and UTC-70LF, polyamide) membranes were donated (Toray). DOW

(SW30HR, polyamide) membranes were purchased from the manufacturer while Tri-Sep

(X201, polyamide-urea) and GE (CE, cellulose acetate) membranes were purchased through

a distributor (Sterlitech). All membranes were thin film composite membranes with a

different active layer polymer.

5.2.2 Coating preparation and application

The present coating method makes use of a perfluoroalklyl-triethoxysilane monomer shown

in Fig. 5-2a. Before coating, many polymer membranes exhibit superoleophilicty and hy-

drophilicity as shown in Fig. 5-2b. The triethoxysilane functional group in the fluorosilane

monomer reacts with surface-bound hydroxyl groups created on the polymer membrane

via oxygen plasma treatment (corona treatment) as shown in Fig. 5-2(c-d). This reaction

bonds a perfluoroalkyl (PFA) chain to the membrane surface. The PFA chain is responsible

for endowing a surface with omniphobicity (HB/OB). However, because the polymer sub-

strates used in this study also contain strong hydrophilic moieties, and because the ethoxy

functional group has a mild reactivity which limits the graft density of fluorosilane on the

substrate surface [29], the coated polymer surface allows polar solvents, such as water, to

wet the surface while non-polar solvents, such as oil, bead up on the membrane surface after

coating as shown in Fig. 4-2e. A longer length of the PFA chain, determined by y number

of carbons in the fluoroalkyl chain (not including the CH2 spacer group), should increase

the water and oil contact angles on the membrane surface [82, 87].
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Figure 5-2: Scheme for creating hydrophilic/oleophobic coatings on com-
mercial polymer membranes. (a) Fluorosilane monomer used for surface
coating. (b) Typical polymer membranes are ambiphilic to water and oil.
(c) Plasma treatment creates hydroxyl groups on polymer surface. (d)
Triethoxysilane functional group reacts with hydroxyl groups to bond the
PFA chain to the membrane surface. (e) Resulting membrane is in-air
hydrophilic/oleophobic.
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Four steps are performed to make polymer membranes simultaneously HL/OB. Plasma

treatment at Ppiasma power for tplasma sec in a 13.3 Pa vacuum is first used to create OH

(hydroxyl) groups on the surface of polymer membranes. Membranes are then placed into a

vacuum chamber (Bel-Art) with roughly 5 mL of (Heptadecafluoro-1, 1,2,2-tetrahydrodecyl)-

triethoxysilane (Gelest) solution at the bottom of the chamber for functionalization in a

heated environment. The reaction is allowed to occur for tcoat hours at Tcoat 0 C.

In addition to creating hydroxyl groups on the polymer surface, plasma treatment can

also physically etch deformations onto the surface of the membrane [94]. For large Ppiasma

and tp1asma, the active layer of a polymer membrane can become damaged. We have observed

that Ppiasma = 18 W and tplasma = 120 sec can repeatably and catastrophically damage

the surface of RO membranes. Therefore Ppiasma and tplasma should be low enough to limit

damaging by surface etching and high enough that a sufficient number of hydroxyl groups are

created on the surface for strong oleophobicity while not compromising membrane function.

The operating conditions used here are listed in Table 5.1.

Table 5.1: Operating conditions for this study.

Parameter Value

Ppiasma 6.8 W
tplasma 60 s

Tcoat 50 C

tcoat 4, 8, 12, 16, 20 hrs
(CF2)y-1 y = 8

5.2.3 Membrane characterization

We use a goniometer (Model 500-Fl, ram6-hart) with an automated dispensing system

(100-22, rame-hart) for measuring in-air contact angles for water ( LV = 72.5 mN/m) and

hexadecane (-YLV = 27.5 mN/m) and underwater contact angles for hexadecane and air.

Throughout all advancing, static, and receding contact angle measurements, we use less

than 7 pL of solvent to ensure that gravity/buoyancy effects are negligible (Bo < 1). We

use a standard quartz cell (100-07-50, ram6-hart) with an inverted stainless steel needle for

underwater oil and air measurements. In-air contact angles were measured after substrates
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were completely submerged in pure ethanol for 5 min and air dried. Underwater contact

angles were taken after membranes were fully submerged in ethanol for 5 min and then

immediately transferred to a water environment without air drying. This is because we

found that air drying membranes after ethanol or water submersion increased their surface

roughness.

We analyze the elemental composition and covalent bond structures of the coated mem-

branes with X-ray photoelectron spectroscopy (XPS) and attenuated total reflectance-

Fourier transform infrared spectroscopy (ATR-FTIR). We take total surveys as well as

carbon elemental analyses for each membrane with XPS (K-Alpha, Thermo Scientific). For

ATR-FTIR (Nicole iS 50, Thermo Fisher) we take 256 scan measurements using a germa-

nium crystal and record a background measurement before each membrane spectrum is

taken.

We use atomic force microscopy (AFM) on 10 x 10 pm of membrane to analyze the

roughness of as received and coated membranes. AFM (NX10, Park systems) results are

used to calculate Wenzel roughness r = Aactual/Aprojected where A is area and RMS rough-

ness Rq. Standard deviations are calculated for both parameters by calculating Rq and r

at four 5 x 5 pm locations (NW, NE, SW, and SE).

5.2.4 Fouling tests

The value of an oil fouling-resistant reverse osmosis membrane can be demonstrated by an

oil-in-water emulsion fouling test. We used two surfactant stabilized oil-in-water emulsions

and an oil-in-water emulsion without surfactant. The surfactant stabilized emulsions were

comprised of 1500 mg/L of hexadecane and 150 mg/L of anionic (SDS, sodium dodecyl

sulfate) or non-ionic (Tween 80, polyoxyethylenesorbitan monooleate) surfactant (Sigma

Aldrich) and 2 g/L aqueous NaCl solution (brackish water) made with sodium chloride

(Sigma Aldrich). The oil, surfactant, and brackish water are blended at 22,000 rpm for 5 min

using a commercial blender (Waring) to shear the oil droplets to a small mean diameter

(~ 1 pm) representative of produced water samples [11]. Emulsions without surfactants

contain 1500 mg/L of pure hexadecane with 2 g/L NaCl and are blended in the same way

as surfactant stabilized emulsions.
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Membranes were tested in batch dead-end mode using a stainless steel stirred cell

(HP4750, Sterlitech) using an digital pressure gauge (Ashcroft) and a digital scale (Mettler

Toledo) connected to a computer for recording permeate mass over time. The active mem-

brane area in the cell is 14.6 cm2 . Crossflow tests were performed using a custom setup

described elsewhere [95]. Each fouling test was performed by first submerging coated and

uncoated membranes in ethanol for 5 min to remove unreacted silane oligomers and then

water for 10 min to dissolve ethanol from the substrate. Membranes are then made to

filter DI water for at least 1 hour until permeate water flux stabilizes. During this step,

permeability (L/m 2-hr-bar) is calculated as A = J/(AP - AH) where flux J is the steady

state flux achieved towards the end of the test, AP is the transmembrane pressure, and AH

is the transmembrane osmotic pressure which is equal to zero during filtration of DI water.

Next, a salt passage test is performed on each membrane with 2 g/L aqueous NaCl

solution for at least 45 min. Salt passage, defined as SP = Cpermeate/Cfeed, is determined

using a conductivity meter on the feed and permeate (Hach). Membranes are then subjected

to emulsion fouling for exactly 2 hrs. After emulsion fouling, a cleaning protocol is performed

where membranes are subjected to ten rinses of a 5 sec duration each using tap water at

19 L/min in air and the cell is thoroughly rinsed with isopropyl alcohol and DI water. The

cleaning protocol is similar to one used in literature [94, 96, 97]. After cleaning, membranes

are once again are made to filter 2 g/L aqueous NaCl solution to determine the extent

of irreversible fouling. All dead-end tests are performed at 13.8 barg (200 psig) with a

magnetic stirbar at 500 rpm. Crossflow tests were performed at 200 psig with a feed velocity

of 1.75 cm/s and no feed spacer. The cleaning step in the crossflow tests was comprised of

decreasing the feed pressure to zero and increasing the feed flow rate to 8.3 cm/s for 30 min.

5.3 Results and discussion

5.3.1 Membrane characterization

Figure 5-3a shows the in-air static contact angles of oil (hexadecane) and water on a variety

of reverse osmosis membrane substrates. To the authors' knowledge, the high oleophobicity

on the reverse osmosis substrates shown in Fig. 5-3 has not been demonstrated in the
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literature. We tested multiple RO active layer polymer compositions for in-air oleophobicity

performance which included three polyamide (PA) membranes, one polyamide-urea (PA-u)

membrane, and one cellulose acetate (CA) membrane. To improve the surface graft density

of the PFA chains using silane chemistry, a surface should have an abundance of hydroxyl

groups either naturally or after plasma treatment [98]. Interestingly, we were able to achieve

the highest oil contact angles for polyamide active layers, which are initially devoid of

hydroxyl groups and only gain them after oxygen plasma treatment. Furthermore, the

CA membrane surface yielded the lowest oleophobicity despite the abundance of hydroxyl

groups initially present within the polymer.

In addition to their high oleophobicity, all coated substrates exhibit in-air self-cleaning

where oil droplets become displaced and mobile once the substrates are wet with water [27,

30, 32]. This is because coated surfaces more strongly prefer to be wet by water than

oil and because the oil droplets are more easily rinsed away by water when they are in a

Cassie-Baxter state on membranes which exhibit high oleophobicity (Toray 82V).

From here, we investigate the effect of the present coating on the Toray 82V RO mem-

brane shown in Fig. 5-3a because it exhibits the highest in-air oil contact angle relative

to other membranes. Figure 5-3b shows that for the Toray 82V RO membrane, increasing

deposition time at 50 C leads to increasing in-air oil contact angles. In-air water contact

angles are also seen to increase as deposition time (and also temperature, although not

shown here) is increased. This rise in both oil and water contact angles is attributed to

the increased surface graft density of PFA chains on the membrane substrate. For higher

temperatures (~ 70 C), substrates exhibit in-air water and oil contact angles above 1000.

The highest in-air oil contact angle and the lowest water contact angle in Fig. 5-3b is pro-

vided by the 12 hour deposition time, therefore the results which follow are provided for

the Toray 82V membrane with 12 hours of heated chemical vapor deposition at 50 C.

Two mechanisms are responsible for controlling the water wetting and oil non-wetting

characteristics of coated membranes. The first is an interaction between polar solvents, the

CF 3 end cap on each PFA chain, and the intrinsic hydrophilicity of the substrate which

results in surface reconstruction of PFA chains [29]. Surface reconstruction has been shown

on surfaces saturated with short PFA chains (y < 8) [82, 87]. In the present work, surface
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Figure 5-3: In-air contact angle results for coated and uncoated reverse

osmosis membranes. (a) In-air water and oil (hexadecane) contact angles

for a variety of coated and uncoated (neat) reverse osmosis membranes.

Membranes are listed from left-to-right in order of decreasing in-air oil

contact angle and all membranes were coated with PFA-silane for 12 hrs

at 50 C. Active layer compositions were polyamide (PA), polyamide-

urea (PA-u), and cellulose acetate (CA). (b) Toray 82V advancing water

and oil (hexadecane) contact angles for uncoated (0 hr) and coated RO

membrane substrates. 02 plasma treatment times of 60 sec at 6.3 W

of power and coating temperatures of 50 C were used for all substrates.

Error bars in (a) and (b) are standard deviations of six measurements

calculated from the left and right sides of at least three droplets placed

on different dry sites on the membrane surface.
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reconstruction also occurs for long PFA chains (y = 8) because the surfaces are not fully

saturated with PFA-silane - allowing them to be mobile when in contact with a polar solvent.

The second mechanism involves penetration of solvents through the porous perfluorinated

film [84]. Evidence of the first mechanism, surface reconstruction for polar solvents, can be

observed with a contact angle test using hexane and 1-hexanol: two solvents of a similar

molecular size and composition which have a different polarity. Table 5.2 shows the contact

angles on a coated membrane for water, hexadecane, hexane, and 1-hexanol with relevant

chemical and physical properties. It is clear that although 1-hexanol and hexane share

very similar chemical structure and molecular weight, 1-hexanol wets the surface of the

membrane much more than hexane likely because it has a higher dielectric constant.

Table 5.2: Solvent polarity causes chain reconstruction on coated membranes

Properties / Solvent: Water Hexadecane Hexane 1-Hexanol
Structure H2 0 CH3 [CH2] 14 CH3 CH3 [CH2] 4CH3 CH3 [CH2]5 0H
Mol. Weight (Da) 18.0 226.4 86.2 102.2
Surface tension (mN/m, 20'C) 72.8 27.5 18.5 26.3
Dielectric constant at 20'C 80.10 2.08 1.88 13.30
In-air static CA (') 37 4 116 1 63 5 8 3

Figure 5-4 shows ATR-FTIR results comparing the coated and uncoated membrane

surfaces. At 1206 cm- 1 a peak indicative of a CF2 bond is clearly observed in the coated,

but not the uncoated, membrane spectrum. We find that because of other peaks from the

surface chemical structure, the CF3 peak on the coated membrane is not observable. We

use XPS to further confirm the presence of fluorine and especially CF 3 groups on the coated

membrane surface.

XPS results are shown in Fig. 5-5. Before plasma treatment and coating, the membrane

shows modest presence of carbon, oxygen, and nitrogen as shown in Fig. 5-5a which is

indicative of a polyamide active layer. 02 plasma treatment causes an increase in hydroxyl

groups which is evident by the increased presence of oxygen compared to the uncoated

membrane. Coated membrane surfaces are shown to have a significant count of fluorine

atoms, indicating the coating technique was successful. The Cis core level spectra resolving

results for the coated and uncoated membranes shown in Fig. 5-5b clearly show the CF3

and CF 2 groups which comprise the PFA chain.
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Membrane roughness after plasma treatment and fluorosilane deposition is shown in

Fig. 5-6. The increase in Wenzel roughness by nearly 30% shown for coated membranes

is predominantly incurred during the plasma cleaning step and, to some extent, during air

drying after ethanol submersion.

Figure 5-7 shows underwater contact angles for air and oil compared to the in-air contact

angles for water and oil. Comparing Fig. 5-7c and g, we can see that the hydrophilicity of

the membrane underwater is maintained. Comparing Fig. 5-7d and h, however we observe

that the oleophobicity of the membrane is not increased despite having been coated with

fluorosilane. This is due to chain reconstruction: the same mechanism which allowed water

to penetrate the PFA chains in-air. We will see in the next section that because of PFA

chain reconstruction, coated membranes do not perform better than uncoated membranes

during fouling.

1206 cm 1

CF 2 peak

Coated

Uncoated

2000 1800 1600 1400 1200 1000

Wavenumbers (cm 1 )

Figure 5-4: ATR-FTIR results for uncoated vs. coated (12 hrs at 50 C)

RO membranes. The 1206 cm- 1 peak corresponds to the CF2 side chains

of the PFA chain. The CF 3 peak is difficult to observe because its location

overlaps with other peaks from the RO membrane chemical structure.

It is important to note that the unique in-air wettability of coated RO membrane surfaces
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Figure 5-6: AFM results for (a) uncoated and (b) coated membrane (after
5 min EtOH bath with air drying). Root mean square (RMS) roughness
Rq and Wenzel roughness r are given for each substrate surface.
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Figure 5-7: Contact angles for oil, water, and air on uncoated membranes
(a)-(d) and coated membranes (e)-(h) in an air and water environment.
(d) and (h) give the underwater advancing contact angle (0* ) and hys-
teresis (AO*) for oil on the uncoated and coated membrane.
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Figure 5-8: Contact angle vs. time for a hexadecane droplet on a coated

RO membrane surface indicating low PFA chain graft densities.

in not only due to surface reconstruction, but also time dependent kinetic wicking. This is

evident by the decrease in oil contact angle on the surface of coated membranes as a function

of time as observed in Fig. 5-8. This decrease is not a result of hexadecane evaporation

because hexadecane has a low vapor pressure. Oil stains on the RO membrane active layer

accompanied the decrease in oil contact angle, indicating that hemiwicking was occurring.

This behavior is most likely due to a lower graft density resulting from the lack of hydroxyl

groups in the polyamide layer. In other words, the PFA chain graft density is high enough

to be oleophobic but low enough to allow oil to wick through PFA chain 'pores' [84]. This

kinetic wicking of oil into the coated RO membrane active layer was also observed for longer

coating depositing times (> 12 hrs) and higher temperatures (> 50 0 C).

5.3.2 Fouling tests

Before fouling the coated membranes, we first determine whether their permeability and

salt passage were compromised by the fluorosilane coating. Figure 5-9 shows that the

permeability (L/m 2-hr-bar) and salt passage for both coated and uncoated RO membranes
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appear unchanged by the coating. This is because the PFA chains which are distributed

as a monolayer are very thin -10 nm and likely "porous" in that the surface graft density

has been judiciously maintained low so as to not affect the hydrophilicity. Therefore, they

do not provide a significant hydraulic resistance relative to the large resistance of the RO

membrane active layer. The salt passage is higher than what is expected for RO membranes

due to salt leakage around the O-rings used to seal the membranes in the dead-end flow

cell.

- 3 4
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Figure 5-9: Permeability and salt passage of coated and uncoated mem-

branes are maintained after coating. Error bars are standard deviation

of at least two permeability and salt passage experiments for each mem-

brane.

Figure 5-10 shows the membrane subjected to surfactant stabilized and surfactant-free

emulsions of hexadecane-in-water. Anionic (SDS) and nonionic (Tween 80) surfactants

are used as emulsion stabilizers in dead-end flow tests in Fig. 5-10a and Fig. 5-10b while

surfactant-free emulsions are used in a dead-end flow test in Fig. 5-10c and a long term cross-

flow test in Fig. 5-10d. The most severe fouling in the dead-end flow tests, as measured

by the magnitude of steady state flux, was observed in the Tween 80 surfactant stabilized

emulsion which is likely due to lower electrostatic repulsion between the membrane surface

and surfactant stabilized oil droplets relative to the anionic surfactant (SDS). The least

severe fouling was observed in the dead-end flow surfactant-free hexadecane-in-water emul-

sion and is likely due to flocculation and coalescence of oil droplets at the surface of the

membrane followed by re-suspension of oil into the bulk. Most importantly, our results
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indicate that the coated membrane had little to no improvement in resisting fouling from

both surfactant stabilized and surfactant-free oil-in-water emulsions. While some promising

anti-fouling performance is observed in Fig. 5-10b, we attribute this result to a stochastic

emulsification process prevalent in non-ionic surfactant stabilized emulsions. We also at-

tribute the observed positive flux recovery results in the dead-end flow tests to increased

roughness incurred during plasma cleaning. Future tests should use a plasma treated mem-

brane as a control instead of an as received membrane in order to understand the effect of

the surface modification on flux recovery performance.

5.3.3 Implications and directions for future research

Given our observed results, we recommend that future research on anti-fouling reverse os-

mosis membranes continue to focus on improving in-air hydrophilicity and underwater oleo-

phobicity for mitigating the effects of oil fouling during desalination of oily wastewaters. If

fluorinated moieties, such as PFA chains, are to be used for mitigating fouling we believe

that they should not be allowed to dynamically reconstruct in the presence of polar liquids

as they do in the present coating. This can be achieved by securing the PFA chain within a

monolith in combination with hydrophilic moieties to create a so-called amphiphilic mem-

brane via phase inversion [33] or phase inversion with "forced surface segregation" [99].

Amphiphilic surfaces fabricated via initiated chemical vapor deposition which have been

shown to reduce biofouling by hindering protein adsorption [89] could also potentially be

used to prevent PFA chain mobility in order to mitigate oil fouling.
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Figure 5-10: Fouling and cleaning performance for coated vs. uncoated

membranes subjected to (a) 1500 mg/L SDS stabilized hexadecane-in-

water emulsion, (b) 1500 mg/L Tween 80 stabilized hexadecane-in-water

emulsion, (c,d) 1500 mg/L hexadecane-in-water emulsion. Tests (a-c)

were performed in dead-end flow and test (d) was performed in a cross-

flow setup. Initial flux for all tests was 30 2 LMH and 2 g/L NaCl

desalination step is shown before foulant addition step.
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5.4 Conclusions

In-air hydrophilic/oleophobic membranes have recently received attention from researchers

due to their purported anti-fouling performance. In this work we have functionalized re-

verse osmosis (RO) membranes to be highly in-air oleophobic while maintaining their in-air

hydrophilicity. We characterized uncoated and optimally coated surfaces by X-ray photo-

electron spectroscopy, attenuated total reflectance-Fourier transform infrared spectroscopy,

atomic force microscopy, and by measuring in-air and underwater oil contact angles. We

show that although coated membranes exhibit a very high in-air oil contact angle relative to

uncoated membranes, the underwater contact angles for both are nearly identical. We at-

tribute this result due to PFA chain reconstruction: the same reconstruction which allowed

hydrophilicity of the coated membranes in an air environment. Furthermore, we show that

coated membranes exhibit little to no reduction in flux decline during surfactant stabilized

and surfactant-free oil-in-water emulsion desalination and filtration. Coated membranes

did exhibit a slight increase in flux recovery, but we attribute this to the roughness of the

membrane during the coating process rather than the modified surface chemistry.
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Appendix A

Supplementary information for

Ch. 2

A.1 Data handling details

MATLAB was used to read data output from the scale which was recorded every 5 seconds

for crossflow tests and every second for dead-end batch tests. The derivative of mass with

respect to time was calculated by using a forward finite difference function averaged over

8 minutes. Flux was calculated by dividing this quantity by the product of the active

membrane area and the density of pure water as given by Eq. A.1.

Am (A.1)
At . Am pp

Vectors for time and mass were also averaged over 8 minutes so that the size of time,

mass, and flux vectors were equal. From these data, roughly 1000 points were taken per

hour for both dead-end and crossflow tests.

About 0.2% of the points in the dead-end batch mass data were higher than their later

five neighboring points by greater than 0.25% and were removed using an automatic algo-

rithm. These points were due to the high stagnation pressure arising from droplets striking

the air-water interface in the permeate tank during mass collection and were randomly

distributed throughout the data.
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To attenuate high frequency noise in the flux data, a simple central moving average filter

was applied for a total of seven neighboring points for dead-end and crossflow experiments.

The steady state flux J* was determined by averaging the last 30 values for flux in each

dataset.

104



Appendix B

Supplementary information for

Ch. 3

Talal F. Qahtani, Leonardo D. Banchik2 , Mohammed A. Gondal, Gibum Kwon,

Divya Panchanathan, Mohammed A. Dastageer, and Gareth McKinley

B.1 Organics degradation model

We begin our model with the Langmuir-Hinshelwood relation for concentration reduction

as a function of time due to adsorption and reaction at a surface as is often done in the

literature [56, 57, 59]:
dC kpkadsC (B.1)
dt 1 - kadsC

where C is the concentration of organic pollutant (mg/L), t is the organic pollutant residence

time within the TiO 2 reactor volume (s), kads is the adsorption constant of the organic

molecule to be degraded (L/mg), and kp is a rate constant associated with the photocatalytic

process (mg/L-s).

The maximum organic contaminant (MB dye) concentration used in this study was

5 mg/L and the adsorption constant for methylene blue dye is kads = 1.95 x 10-2 L/mg [57].

1TFQ contributed to the work in this chapter by performing all experiments and aiding in writing of the
manuscript.2LDB contributed to the work in this chapter by collaborating on the novel feed-side membrane coating,
performing all modeling, and aiding in writing of the manuscript.
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Therefore, we can safely assume that kadsC < 1, so that Eq. B.1 reduces to a first order

kinetics reaction:

d- kpkadsC = -kappC (B.2)
dt

where kapp is an applied rate constant (s- 1). When the UV illumination power I provided

exceeds a threshold value of between 1 and 10 mW/cm 2 , as it does in our current work,

then kapp is linearly proportional to 1/2 with a proportionality constant which we call 3

(cm/mW1/ 2-s) [59, 73]:

kapp = /311/2 (B.3)

Rearranging and taking the integral of Eq. B.2 with initial condition C(t, = 0, t)

(Co, Ct) yields the following expression for C as a function of time:

Ct = Co exp(-3I/ 2t) (B.4)

For a closed reactor within which there is no dispersion across particle streamlines, we

can define the mean residence time t as the ratio of the reactor volume by the volume flow

rate through the reactor [100]:

-#Iil/2yV
Ct = Co exp JwAs ) (B.5)

where V (m3 ) is the volume of the TiO2 coating that participates in the degradation reac-

tion and through which the permeate flows, J, is the permeate flux through the membrane

(m/s), and A, is the wetted surface area of the membrane (m2 ). Defining a dimensionless

degradation efficiency as a = 1 - Ct/Co and multiplying the term in the exponential func-

tion by n to allow for multiple passes of equal residence time through the reactor yields

parameters relevant to the current system:

a = 1 - exp ( jj / ) = 1 - exp(-OX) (B.6)
Jw AS

where X is a collapsed variable which encapsulates several input parameters.

V, was estimated by considering the amount of TiO 2 which coats the permeate side of
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the multifunctional membrane. Because the mesh used in this study was a complex twill

Dutch weave wire cloth, we estimate the reactor volume by subtracting the volume of the

wires of the mesh from the total volume occupied by the mesh. All the calculations were

performed using data from the manufacturer's website. The volume of the wire material

is attained by dividing the specific weight of the mesh 0.488 kg/m2 by the density of 316

stainless steel 7990 kg/m3 and multiplying by the wetted mesh area to give 1.23 x 10-8 M3 .

The volume occupied by the mesh is given by multiplying the mesh thickness 86.36 x 10-6 m

by the wetted mesh area to give 1.74 x 10-8 M3 . Taking the difference of these volumes gives

the volume of the pores in the mesh of 5.08x 10-9 M3 . We now consider that only the lower

half of the mesh has been coated with TiO 2 and is photoactive so that the reactor volume

is 2.55 x 10- 9 M3 .

To verify whether this volume is justified, we calculated the volume of the pores from

an SEM image of the mesh. The membrane is composed of a repeating array of pores as

shown in Fig. B-1. The image on the right shows the structure of a typical 'twill Dutch

weave' in order to visualize our reactor construct.

a b

Figure B-1: Twill Dutch weave mesh: (a) SEM image of mesh, (b) Digi-

tal visualization of mesh from http: //www. spoerl. de/en/wp-content/

uploads/sites/2/2014/08/0008_big-458x300. jpg.

The contaminants in the water react on the TiO 2 coated bottom side of the mesh as

they pass through the pores. Each pore is modeled as a microreactor whose approximate

volume per unit projected area is approximately calculated as below:

Area of the repeating unit, Ait = 3096.88 pm2
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Diameter of wire, Dwire = 25.4 pm

Width between the warp wires = Width of the pore, wpore = 21.5 prm

Height of the pore, hPore = Dwire

Length of the pore, 1pore = 72.4 pm

Volume of pore, Vpore ~ hporewporelpore = 39537 pm 2

Volume of pore per unit area of mesh, Vpore = Vunitpore = 12.77 x 10-6 m 3 /M 2

Multiplying the volume of the pore per unit area by the area of the wetted membrane

yields a reactor volume of 2.57xi0-9 m3 which has a relative difference of 0.66% from the

reactor volume of 2.55xI0-9 m3 calculated above. Therefore, our estimation of the TiO 2

reactor volume is verified.

B.2 Data from organics degradation experiment

Tables B.1 and B.2 contain the experimental parameter inputs (I, n, X), experimental

degradation efficiency and standard deviation (axp, Uexp), model degradation efficiency

(amod), and model error (e) for the fixed intensity and fixed passes data shown in Fig. 3-

4d of the main paper, respectively. Model error was determined by E = 1 - amod/Ocexp.

For all experiments, the average flux was J, = 4015 L/m 2-hr which is 1.12x10- 3 m/s,

cross-sectional area was A, = 2.01 x 10-4 M2 , and excited volume of the TiO 2 reactor was

V, = 2.55x10- 9 M3 . From the manuscript, # = 1.174 cm/mW 1/ 2 -s and the first-order

photocatalytic rate constant kapp = 311/2 varies between 14.38 x 10- 3 s- 1 and 45.93 x

10-3 s-1 for the range of parameters used in our study.
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Table B.1: Effect of fixed UV intensity and varying passes on degradation efficiency

I (mW/cm 2 ) n X (mW1/2-hr/cm) aexp (%) 0 exp (%) amod (%) E ()
372 2 0.44 40.5 3.0 40.3 0.6
372 4 0.88 64.3 3.0 64.3 0.0
372 6 1.32 78.5 3.5 78.7 0.2
372 8 1.75 87.0 3.0 87.3 0.3
372 10 2.19 92.2 1.1 92.4 0.2
372 12 2.63 95.3 2.0 95.5 0.2

Table B.2: Effect of varying UV intensity and fixed passes on degradation efficiency

I (mW/cm 2) n X (mWI/ 2-hr/cm) aep (%) -ep (%) amod (%) E (%)
150
250
372
548
820

1050
1270
1530
150
250
372
548
820
1050
1270
1530
150
250
372
548
820

1050
1270
1530

0.28
0.36
0.44
0.53
0.65
0.74
0.81
0.89
0.84
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B.3 Supplementary figures

a Uncoated glass C SiO2 coated glass

- mWater CA = V* i C= *Warpg lCA=*

b FS-50 coated glass d SSF coated glass

80 r2A 102 WaterCOA =, 0" Oi A15

Figure B-2: Static contact angles of oil (hexadecane) and water on (a)
uncoated glass and (b-d) coated glass.

Figure B-2 shows the static contact angles of uncoated, FS-50 coated, SiO 2 coated, and

Si0 2 /SF-100/FS-50 (SSF) coated glass by water and oil (hexadecane LV = 27.5 mN/m).

The uncoated glass is superhydrophilic and superoleophilic (SHL/SOL) as indicated in

Fig. B-2a. FS-50 coated glass is hydrophilic (HL) and oleophobic (OB) due to the fluorinated

groups inherent in FS-50 which are omniphobic but reconfigure when in the presence of polar

liquids with a small molecular size such as water as depicted in Fig. B-2b. This wetting

behavior holds promise for wettability enhancement with the addition of SiO 2 nanoparticles

for roughness. As shown in Fig. B-2c, the Si0 2 coated surface, like uncoated glass, is also

SHL/SOL. Both FS-50 and the SiO 2 dispersion in acetone have negative zeta potentials [53]

indicating the importance of using a strong binder such as SF-100 (which is not soluble in

water, unlike PDDA) to hold both layers together. SSF coated surfaces are SHL and

superoleophobic (SOB) as depicted in Fig. B-2d. This result indicates that the wettability

of SSF coated glass by oil is in the Cassie-Baxter state while water is in the Wenzel state.

Figure B-3 illustrates the robustness of the TiO 2 membrane coating by comparing the

measured photocatalytic degradation efficiency a (%) for 5 separate feed samples with the

same initial concentration of MB dye (C, = 5 mg/L) and volume (10 mL) after 10 passes

for each sample using the same membrane at a constant UV intensity (372 mW/cm 2 ).

Standard deviation for these data were less than 0.45%. Inset shows the absorbance of the
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Figure B-3: Degradation experiment repeatability and TiO 2 robustness

as shown by identical degradation efficiency and MB absorbance for 5

experimental runs.

five samples as nearly equivalent after each group of 10 passes illustrating the robustness

of the permeate-side coating. In another robustness test, we also measured the degradation

efficiency attained after every 2 passes as a function of the number of passes and found this

value to be a constant 40.0 2.0% as shown in Supplementary Fig. B-4.

Figure B-4 shows that for increasing passes at a given UV intensity and water flux, the

concentration of MB Dye decreases exponentially while the degradation efficiency per two

passes remains nearly constant. The latter result further indicates the robustness of the

TiO 2 coating.

Figure B-5 illustrates high system oil rejection as evidenced by nearly pure permeate

after 10 passes of gravity driven separation of a bulk 1:1 mixture of hexadecane and water

by volume.

Figure B-6 shows the feed and permeate droplet size characteristics before and after the

separation of surfactant-stabilized oil-water emulsions and simultaneous organics degrada-

tion of MB Dye present in the water phase. We can clearly see that many of the large

droplets present in the feed stream are not present in the permeate stream after separa-
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Figure B-4: Concentration of MB Dye (red circles) and degradation
efficiency per two passes (green squares) as a function of the number
of passes using TiO 2 coated membranes at constant UV light intensity

(I = 372 mW/cm2 ). Dotted lines connecting data markers were included

to guide the eye. Uncertainties for all data are smaller than the data

markers.
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Figure B-5: Thermogravimetric analysis (TGA) data of water, hexade-

cane, and feed solution permeate after 10 passes with high oil rejection.
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Figure B-6: Separation of surfactant-stabilized oil-water emulsions and si-

multaneous organics degradation of MB Dye present in the water phase.

(a, c, and e) Optical microscopy images of 1:4, 1:1, and 4:1 (hexade-
cane:water by volume) emulsions, respectively. 1:4 and 1:1 emulsions are

oil-in-water and 4:1 emulsion is water-in-oil. (b, d, and e) Droplet size

distributions of 1:4, 1:1, and 4:1 emulsions, respectively. (g, h, and i)

Optical microscopy images of 1:4, 1:1, and 4:1 permeates, respectively.
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tion. Some droplets smaller than the membrane pore size, however, permeated through the

membrane and their size distributions are provided in Supplementary Fig. B-7.

a 1:4 b 1:1
-15 - 20 0.23 0.76

w10 0.23+ 0.71 + 15 -0.14 pm 0.47 pm

E 0.15 pm 0.44 pm E 10 -
5 5

0 0
0.01 0.1 1 10 0.01 0.1 1 10

Diameter (pm) Diameter (pm)

C 4:1 30
''o'0.65+

00 20 - 0.41 pm
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E 10-

>0
0.01 0.1 1 10

Diameter (pm)

Figure B-7: Volume-based droplet size distributions of permeate from
(a) 1:4, (b) 1:1, (c) 4:1 surfactant stabilized oil-water emulsions with one
pass. 1:4 and 1:1 emulsions are oil-in-water (SDS stabilized) and 4:1 is a
water-in-oil emulsion (Span8O stabilized).

Figure B-7 gives the volume-based droplet size distribution of permeate from feed solu-

tions of (a) 1:4, (b) 1:1, and (4:1) surfactant stabilized oil-water emulsions with one pass.

1:4 and 1:1 emulsions are oil-in-water (SDS stabilized) and 4:1 is a water-in-oil emulsion

(Span8O stabilized). 1:4 and 1:1 permeate droplet diameters are perfectly described by bi-

modal log-normal distributions whereas the 4:1 permeate droplet diameters are described

by a log-normal distribution. Droplet diameter mean and standard deviation of both peaks

are given. The largest detected permeate droplet diameters were 0.97, 1.16, and 1.38 pm for

the 1:4, 1:1, and 4:1 emulsions, respectively, which are below the mesh pore size of 2 pm.

The reason for the roughly 1 pm difference between pore size and the largest detected

droplet in the permeate is predominantly due to the fact that the average pore size for the

multifunctional membrane has been reduced below 2 pm due to the two applied coatings.

Figure B-8 shows the effective thickness of the TiO 2 coating as measured by the ab-

sorbance spectra of TiO 2 thin films in the UV region. 0.5, 1, and 1.5 mL of a 5 mg/mL

TiO 2 in THF dispersion are sprayed onto 1 cm 2 of glass substrate to fabricate three TiO 2
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Figure B-8: Optimization of TiO2 coating thickness.

thin films (Inset). The absorbance spectra of the three TiO 2 thin films measured between

300 and 388 nm which correspond to the wavelength associated with the maximum photon

energy emission by the UV source used in our study and the band gap of TiO 2 , respectively.

Because the 1.5 mL/cm 2 absorption spectrum overlaps the 1 mL/cm 2 spectrum at 300 nm,

we can deduce that it is an optimum thickness because it absorbs as much UV as the lesser

thickness. From these results, we used 1.5 mL/cm2 for all TiO 2 permeate-side coatings in

the present study.
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