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Abstract
Graft copolymers of poly(ethylenimine) (PEI) and poly(dimethylsiloxane) (PDMS) were
synthesized and used to coat cotton fabrics with the use of poly(ethylene glycol) diglycidyl ether as a
crosslinker. The copolymer was applied to the fabrics via a CHCl3 solution, and secured on the surface by
a network of epoxy-amine bonds between the PEI and crosslinker units. The coated fabrics were used to
separate and recover oil from surfactant-stabilised, oil-in-water emulsions. The composition of the graft
copolymer and obtained coating solutions was varied to determine the effects on separation performance
and repeatability. Optimal oil flux and recovery was obtained from coatings composed of high molecularweight PEI which contained a high percentage of grafted PDMS units. Highly-crosslinked coatings
demonstrated repeatable and consistent separation performance, and were able to recover the vast
majority of emulsified oil from hexadecane-in-water emulsions stabilized by sodium dodecyl sulfate
(SDS). The de-emulsification properties of the optimized coatings may facilitate their use in wastewater
remediation or oil recovery from contaminated environments.
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Chapter 1
Introduction
1.1 Research Objectives and Organization of the Thesis
Diblock copolymers bearing pendant hydrophilic and hydrophobic groups have been
covalently attached to fabric fibers to yield binary polymer brush layers. These bifunctional
surfaces can de-emulsify and selectively recover oil from surfactant-stabilised oil-in-water
emulsions.1

Pendant

poly(N,N-dimethylaminoethyl

methacrylate)

(PDMAEMA)

chains

encourage the aggregation of oil droplets, while pendant poly(dimethylsiloxane) (PDMS) chains
permit the selective permeation of destabilized oil. De-emulsification through the coated fabrics
was rapid and efficient, but the scope of their potential applications may be broadened if such a
coating can be prepared from simple commercial precursors.
This thesis concerns the synthesis and preparation of graft copolymer coatings on textiles
and their use in the recovery of oil from surfactant-stabilised oil-in-water emulsions. In this work,
a simplified version of the aforementioned polymer system was synthesized and applied to cotton
fabrics for the purposes of oil/water de-emulsification and separation. The graft copolymers were
of the general form Hn-g-Om(x), which consist of a crosslinkable, branched hydrophilic ‘H’
backbone of molecular weight n and hydrophobic ‘O’ side chains of molecular weight m at an
average weight percentage of x. This copolymer is secured on the surface of cotton fabrics by a
crosslinked network of the branched ‘H’ backbone, while both uncrosslinked H branches and
grafted O chains may extend outwards from the substrate surface depending on the solvating
medium. The specific graft copolymer Hn-g-Om(x) used in this study was poly(ethylenimine)graft-poly(dimethylsiloxane) (PEI-g-PDMS), with a hydrophilic (PEI) molecular weight n of 600,
1800 or 10 000 g mol-1, a hydrophobic chain size m of 5000 g mol-1, and a hydrophobic polymer
weight percentage x between 50 and 93%. The graft copolymer was prepared using an amine
1

catalysed epoxy-ring opening addition reaction between mono-(2,3-epoxy)propylether terminated
PDMS (PDMS-gly) and the hyperbranched PEI, as illustrated in Figure 1.1. Primary or secondary
amine groups of the PEI chain initiate a nucleophilic attack on the epoxide, forming a nitrogencarbon link and opening the ring. This process was accelerated using a tertiary amine catalyst,
triethylamine (TEA).

Figure 1.1 Chemical structures of the polymers used in this work.

PEI-g-PDMS was attached onto the surface of the cotton by forming a crosslinked
network of branched PEI chains which surrounded the cotton fibres. Crosslinks between branches
were formed using a di-epoxy terminated crosslinker, 1-4 butanediol diglycidyl ether or
poly(ethylene glycol) diglycidyl ether (DGE), at number-average molecular weights of 202 or
500 g mol-1, respectively. Further epoxy ring-opening additions at each end of the DGE chain
created PEI-DGE-PEI linkages, and at sufficient density these linkages formed a continuous
network of PEI-g-PDMS surrounding each cotton fibre. The resulting textile contained a surface
layer of hydrophobic PDMS chains and hydrophilic PEI branches stretching outwards from the
surface; a mixed layer of pendant polymer chains.

2

The coating described here can be applied onto porous textiles to create filters that are
capable of separating surfactant stabilised oil from oil-in-water emulsions, thanks to the
complementary properties of the hydrophilic/hydrophobic polymer brush. We theorize that the
hydrophilic PEI groups act to demulsify and aggregate surfactant stabilised oil droplets, while the
hydrophobic PDMS chains create an oleophilic interface along the inner pore surfaces that
selectively recover de-emulsified oil droplets from the bulk aqueous phase.
A comprehensive exploration of the proposed separation mechanics is beyond the scope
of this thesis, but an examination of the separation performance as a function of the variables
mentioned above is provided. It is hoped that these details will afford a better understanding of
this promising and, to our knowledge, unique approach for oil de-emulsification and recovery.
This chapter provides general background information describing the key properties and
common compositions of low surface energy coatings, and recent developments in the field as
they pertain to this work. Similarly, polymer brushes and block copolymers are described with an
emphasis on those with hydrophilic/hydrophobic structures similar to those described here. Also
provided is an overview of oil and water mixtures and the challenges involved in their separation
and recovery. Chapter 2 will outline the synthesis and characterization of the PEI-g-PDMS
copolymers, and their application to suitable cotton fabric substrates. Preparation of surfactant
stabilised oil-in-water emulsions and analysis of their separation will also be described. Chapter 3
will focus on the discussion of obtained results, including the characterization results of the
polymer system and its coating on cotton fabrics, and the separation performance of the
fabricated filters. Subsequently, Chapter 4 will summarize the conclusions obtained from this
work and comment on their significance, alongside suggestions for further study.

1.2 Introduction to Polymer Brushes
The term ‘polymer brush’ refers to an assembly of polymer chains at an interface which
are tethered at one end. The ends are tethered densely enough that attached chains experience
3

crowding. Consequently, the free movement of chain segments is restricted by the presence of
nearby chains.2 In order to decrease repulsive interactions between neighbours, chains will stretch
outwards from the interface. In the brush regime, chains are stretched significantly longer than
what is observed for randomly coiled polymer chains in solution. This stretched geometry can
result in unusual responses to different stimuli, and is implicated in the novel surface properties
demonstrated by polymer brush layers.3
The interface on which a polymer brush is arranged can be between two liquids, at a
liquid-air boundary, or on a solid surface in contact with either fluid (Figure 1.2). The tethering of
polymer chains at these interfaces can be reversible or irreversible. On a solid surface, a brush
made up of partially physisorbed chains would be an example of the former, while polymer
chains that were chemically bound to the substrate would be an example of the latter.3 Brush
layers have been assembled using a variety of chain structures (Figure 1.3). Homopolymers that
contain an end-functional group as well as diblock and graft copolymers are common building
blocks.3-5

Figure 1.2 Chain organization of polymer brushes formed at various interfaces; (a) a fluid-fluid
boundary, (b) a solid-fluid boundary, (c) a solid-air boundary.

4

Figure 1.3 Polymer brush layers obtained using various chain structures; a) end-functionalized
homopolymers, b) diblock copolymers, c) graft copolymers.

A model brush composed of homopolymers was synthesized by Auroy et al.2, consisting
of linear PDMS chains that were bound onto a porous silica substrate. In that report, fractionated
PDMS across a range of molecular weights was attached to a flat silica surface via a condensation
reaction between the silanol groups on the substrate and the hydroxyl groups present on either
end of the PDMS chain. (The authors reported that only one end of each chain was attached to the
surface). It was noted that the thickness of the formed brush layer scaled linearly with the
fractional molecular weight of PDMS used, both in the presence and the absence of solvent. The
PDMS chains were grafted at a sufficient density that their inter-chain repulsion resulted in a
linear chain stretching behaviour, which was consistent across a 30-fold increase in molecular
weight. This was in sharp contrast with that of untethered chains, which adopt random-coil type
geometries in solution that are significantly ‘shorter’ than their full chain lengths.
The aforementioned system is an example of the ‘grafting-to’ approach to assembling
polymer brushes, in which pre-formed chains that contain functional end groups are covalently
attached to the surface. This method has been widely used for brush layer synthesis, and a range
of polymer-to-substrate coupling reactions have been demonstrated.3 Several examples of these
methods are provided below.
5

Koutsos et al.6 created brush layers using thiol-terminated chains on gold surfaces (and
studied the morphology of the collapsed chains via AFM). Separately, Prucker et al.7 used a layer
of photoreactive benzophenone groups to attach polystyrene (PS) and poly(ethyloxazoline)
(PEOX) films via a UV-triggered carbonyl-alkyl linkage. Surface pre-functionalization was also
employed by Zdyrko et al.8; they grafted dense brushes of carboxyl-terminated poly(ethylene
glycol) (PEG) onto a thin surface layer of poly(glycidyl methacrylate) (PGMA), via an epoxy
ring-opening addition.
A frequently cited drawback of the ‘grafting-to’ approach is the limited density of grafted
chains that can be achieved.3, 9 During grafting, free chains must diffuse through the developing
brush layer in order to reach reactive sites at the interface. Increasing brush density also increases
the barrier to diffusion, resulting in an upper limit of grafted chains that can be incorporated per
unit area.
In order to further increase grafted brush density, researchers have turned to the ‘graftingfrom’ approach to synthesize dense polymer brushes. This method uses step-growth
polymerization to grow polymer chains directly from a substrate, which has been prefunctionalized with a suitable initiator. These brush layers are grown predominantly via
controlled radical polymerization (CRP), specifically atom-transfer radical polymerization
(ATRP). These are commonly appended by SI- (denoting Surface Initiated) in the context of
polymer brush synthesis, i.e. SI-CRP and SI-ATRP.
In general, the ‘grafting-from’ approach allows for an unparalleled degree of control over
key brush features including chain length, density and dispersity, and can utilise a wide range of
CRP-compatible unsaturated monomer(s), allowing for homo-, random- and block-copolymer
chain compositions.

However, the sensitivity of most CRP mechanisms to chain-growth

termination events means that ‘grafting-from’ methods require highly controlled reaction
conditions (e.g. ATRP requires a low oxygen environment to minimise oxidation of the chain6

growth catalyst CuI), and in their current state are impractical for applying polymer brushes at
larger scales. For further interest, a recent review by Zoppe et al.5 is suggested.
For brush layers that are intended to economically cover large surface areas, including the
polymer system presented in this work, researchers continue to employ ‘grafting-to’ methods to
efficiently create polymer brushes at interfaces. In particular, extensive research has been devoted
to grafting pre-made diblock copolymers that contain an ‘anchoring’ block and a ‘brush’ block, in
order to efficiently assemble a surface layer of brushlike chains.
It is briefly noted here that the term ‘diblock copolymer brush’ can refer to two possible
chain configurations (Figure 1.4); (1) a layer of an AB diblock copolymer, in which block A is
end-functionalized and bound to the surface by a single link, or (2) a layer of AB diblock
copolymer in which block A is physisorbed or covalently bound onto the surface at multiple
points along its length. The work presented here concerns the assembly of the latter, thus all
subsequent descriptions of ‘diblock copolymer coatings’ will refer to this specific arrangement of
chains on a surface.

Figure 1.4 Polymer chain arrangements referred to as ‘diblock copolymer brushes’; (1) endtethered diblock copolymer, or (2) block-tethered diblock copolymer.
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1.2.1 Surface Modification using Block Copolymers
‘Anchor’ and ‘brush’ block copolymers can create robust coatings that impart desirable
surface properties onto bulk materials. In comparison with end-functionalized homopolymers,
block copolymer coatings can create a more secure attachment to the substrate by using an
anchoring block that provides multiple binding sites on every chain. Adjustments to chain
grafting densities can be made by changing the length of this block. A suitable brush block is then
chosen to impart the desired surface property, such as strong solvent selectivity. Similarly,
surface properties can be adjusted by changing the length of the brush block.
Researchers have recently functionalized cotton and silica with low surface-energy
diblock copolymers, using poly[3-(triisopropyloxysilyl) propyl methacrylate] or PIPSMA as an
anchoring block.10,

11

Briefly, sol-gel chemistry between PIPSMA and the cotton or silica

substrate was used to anchor diblock copolymers containing poly(dimethyl siloxane) (PDMS) or
poly[2-(perfluorooctyl)ethyl methacrylate] (PFOEMA) brush blocks. The resulting surfaces were
highly water repellent, and coatings that contained PFOEMA also repelled oil. These reports
highlight the ease by which low surface-energy coatings might be applied onto a substrate when
diblock copolymers are employed.

1.2.2 Low Surface-Energy Coatings via Crosslinked Block Copolymers
Recent publications have described water repellent diblock copolymer coatings that
employ crosslinking between the anchoring groups to create a robust block copolymer-based
surface layer. Significantly, these coatings might be applied onto a range of materials without the
need for tailored binding chemistry between the anchoring block and a particular substrate.12, 13
In a typical formulation, the UV-crosslinkable species poly[(2-cinnamoyloxy)ethyl
methacrylate] (PCEMA) was used as an anchoring block, which supported a water repellent
PFOEMA or PDMS brush. Micelles of the block copolymer were deposited onto the chosen
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substrate; a series of cotton fabrics. After thermal annealing, the coating was irradiated under a
UV lamp to initiate photo-crosslinking between the CEMA units. The coated fabrics were highly
water repellent (superhydrophobic) and their surface properties persisted after rinsing with
solvent, suggesting the self-crosslinked networks of PCEMA were stable.
A self-crosslinking coating employing a thermally-crosslinkable anchoring block was
also reported.14 Similarly, this strategy used a PDMS brush to impart high water repellency to
coated cotton fabrics. The anchoring block was a polyol that contained oligo(ethylene glycol)
methacrylate (OEGMA), n-butyl methacrylate (BMA), methylmethacrylate (MMA), and 2hydroxyethyl methacrylate (HEMA). HEMA units crosslinked the anchoring blocks via heatassisted condensation reactions with ester groups present in the polyol. Coated fabrics retained
their high water repellency after many repetitions of a simulated laundry cycle as well as rinsing
with organic solvent, suggesting that they possessed a durable network of polyol chains.

1.2.3 Block Copolymer-Coated Cotton Fabrics with ‘Janus’ Properties
Self-crosslinking diblock copolymers have also been used by the Liu group to fabricate a
‘Janus’ or ‘two-faced’ cotton fabric, containing both a superhydrophobic face and a hydrophilic
face.15 This fabric was successfully used to de-emulsify and selectively recover oil from an oil-inwater emulsion that was stabilised with an anionic surfactant.
Briefly, a superhydrophobic, oil-selective face was applied using a UV-crosslinkable
block copolymer of PDMS and poly[(2-cinnamoyloxy)ethyl acrylate] (PCEA). The fabric was
dipped in a solution of PDMS-b-PCEA and selectively irradiated to crosslink the PCEA units on
one side of the fabric. Excess copolymer was subsequently rinsed off, and the uncoated side of
the fabric was functionalized with hydrophilic poly(N,N-dimethylaminoethyl methacrylate)
(PDMAEMA) via a free-radical ‘grafting-from’ approach. The final coated fabric contained a
superhydrophobic, oil-selective ‘face’ containing PDMS chains, and a hydrophilic, emulsion
9

destabilising ‘face’ bearing PDMAEMA chains. Oil-in-water emulsions coming into contact with
the hydrophilic (PDMAEMA) side of the fabric would de-emulsify and form larger oil
aggregates, which selectively permeate through the superhydrophobic (PDMS) side of the fabric.
The oil separation process was rapid and efficient, and the de-emulsification properties of the
membrane persisted across multiple trials.
A simplified version of this bifunctional polymer coating was subsequently developed,
which used a single, self-crosslinkable graft copolymer to simultaneously attach both the
hydrophilic and hydrophobic moieties onto cotton fabrics.1 In this work, a random copolymer of
HEMA and MMA formed the copolymer backbone and the anchoring group. A PDMAEMA
block was grown from this random copolymer to form the hydrophilic moiety. Acid chlorideterminated PDMS (PDMS-COCl) was grafted onto HEMA units in the backbone to form the
hydrophobic moiety. The resultant copolymer consisted of a self-crosslinkable P(MMA-sHEMA) backbone which bore a terminal PDMAEMA block and a grafted PDMS block. Upon
crosslinking around a cotton fibre, the coating would possess both hydrophilic and hydrophobic
brush chains distributed across the surface. It is believed that the different solvent selectivities of
these two mobile groups would create a stimuli-responsive polymer brush layer. Upon contact
with an aqueous oil-in-water emulsion, the hydrophilic PDMAEMA chains should stretch
outwards and selectively populate the interface. This would create an outer surface of amine
groups that would facilitate de-emulsification of surfactant-stabilised oil by diminishing the interdroplet repulsive effects of surfactant molecules. Coated cotton that is not in direct contact with
the emulsion (e.g. within the inner pores of the coated fabric) will retain a surface layer of PDMS
chains, which readily populate the interface in air due to their lower surface energy and mobility
within the polymer melt. Coagulated oil droplets can preferentially adsorb onto these
hydrophobic surfaces, wet the inner surface of the pores, and selectively permeate through the
fabric. In this manner, a Janus-type surface is dynamically obtained in response to external
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stimuli, e.g. upon contact with an oil-in-water emulsion. As was the case in the previous work,
the separation of oil using fabrics coated in this way was both rapid and efficient. No significant
loss of performance was noted across seven consecutive trials, indicating that the Janus state of
the membrane was maintained over a prolonged period of time.
The work presented in the following chapters aims to produce a simplified coating design
of a similar type as described above, using a graft copolymer of PEI and PDMS. The PEI polymer
is hyperbranched, and serves multiple roles. As in previous works, self-crosslinking between PEI
as an anchoring block will be used to attach the coating to cotton fabrics. Primary and secondary
amines within the branched structure will provide attachment points for epoxy-terminated PDMS
chains. Finally, uncrosslinked PEI branches will provide pendant hydrophilic groups on the
coating surface; when the coating is in contact with aqueous solution, these will stand above the
collapsed PDMS layer and encourage the coalescence of oil droplets.
The remainder of this introduction will expand on the theoretical background behind the
three key attributes of a successful implementation of this coating design. They are as follows:
Firstly, the applied coating must present a hydrophobic and oil-selective ‘face’; secondly, it must
continuously de-emulsify oil and water; and thirdly these properties must emerge dynamically in
response to the local environment. The third attribute will be introduced next, in Section 1.3
(Binary Polymer Brushes). The first will be discussed in Section 1.4 (Introduction to
Hydrophobic and Superhydrophobic Surfaces), and the second will be covered in Section 1.5
(Water and Oil Mixtures and Their Stability).

1.3 Binary Polymer Brushes
A ‘binary’ or ‘mixed’ polymer brush is composed of two chemically distinct types of
chains that are end-grafted in high densities to the same substrate. The most commonly explored
type of binary brush consists of two immiscible homopolymers that are randomly grafted across a
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substrate. If both homopolymer chains are in the melt state and sufficiently mobile within the
brush, the two homopolymers can undergo nanoscale phase segregation, both laterally and
vertically (Figure 1.5). Lateral phase segregation has been observed in binary brushes under a
number of conditions and polymer combinations16-18, and the factors influencing the observed
morphologies are outside the scope of this work.19-21

Figure 1.5 Top: AFM image of lateral phase segregation in a binary polymer brush. Reprinted
from A. Price et al., Macromolecules, 2012, 45, 510-524. Bottom: schematic representation of
lateral (a,b) and vertical (c,d) phase segregation in a binary polymer brush. Reprinted from D.
Usov et al., Macromolecules, 2007, 40, 8774-8783.

Vertical or ‘layered’ phase segregation in binary polymer brushes has garnered
significant interest in the development of stimuli-responsive materials, as the bulk surface
properties of a material may be reversibly altered depending on which homopolymer is enriched
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at the ‘top’ of a coating.22 A schematic of this chain rearrangement is given in Figure 1.6. For
example, if a binary polymer brush containing hydrophilic and hydrophobic chains is exposed to
a hydrophilic solvent, the hydrophilic chains will preferentially segregate to the surface of the
brush, and the mixed polymer coating will exhibit hydrophilic properties. Exposing the same
coating to a hydrophobic solvent will trigger the opposite reaction, with hydrophobic chains
populating the brush surface and imparting the coating with hydrophobic properties. This
reversible, adaptive behaviour is being explored for applications including electrochemical ion
gates,23 bacteria-repellent surfaces,24 and anti-fog glass coatings,25 among others.26, 27

Figure 1.6 Schematic diagram of reversible vertical phase segregation in a binary polymer brush.
Reprinted from D. Romeis and J. Sommer, ACS Appl. Mater. Interfaces, 2015, 7, 12496-12504.

Other responsive binary polymer brushes of this type have been demonstrated using a
range of polymer combinations and chain compositions. Sheparovych et al.28 synthesized brushes
containing PDMS and poly(ethylene oxide) (PEO) chains, and compared their surface properties
in air and under water. For brushes containing roughly equal amounts of PDMS and PEO, AFM
characterization indicated complete surface coverage by PDMS (in air) or PEO (in water).
Brushes that contained a significant excess of one homopolymer exhibited fractional surface
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coverage; e.g. in water, high PDMS-content brushes possessed an upper surface only partially
covered by swollen PEO chains. The authors report good reproducibility of surface-switching
behaviour across multiple trials on the same mixed brush. Further, they observed rapid
reorganization of the segregated layers in response to environmental changes. Samples soaked in
aqueous solution and removed instantly demonstrated high water droplet advancing contact
angles (CAs), indicating that the top surface was enriched with PDMS immediately upon contact
with air.
Layered phase segregation in mixed polymer brushes was predicted by Minko et al.29
under three conditions: (1) in the presence of a selective solvent, (2) due to asymmetry in brush
chain lengths, or (3) between highly incompatible binary polymers. The morphology of
segregated phases under these conditions was expected to resemble a dimple-like structure with
round clusters of one polymer arranged in a regular lattice, which are covered by a matrix of the
second polymer.
Usov et al.30 studied the depth profiles of mixed PS/PMMA brushes upon exposure to
selective solvents. Plasma etching of segregated brushes and subsequent AFM imaging revealed a
high degree of lateral phase separation in both selective (acetone, for PMMA) and nonselective
(toluene) solvents. Brushes treated with acetone and subsequently dried possessed an upper layer
of PMMA with a dimple-like roughness, and plasma etching of the dried brush revealed regular
PS clusters beneath the PMMA film. Depth profiling of the etched films confirmed that the upper
PMMA layer was thin compared to the underlying PS ‘dimples’; the authors concluded that PS
chains segregated into dense clusters when they were placed in a poor solvent, and that these
clusters were covered by an amorphous layer of PMMA. Under dry conditions the surface
morphology of the vertically-layered brush would be strongly influenced by any underlying
lateral phase segregation between different polymers.
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A ‘hybrid’ mixed polymer brush containing a hyperbranched hydrophilic polymer was
also found to exhibit solvent-dependent, reversible hydrophilic/hydrophobic surface segregation.
Motornov et al.31 synthesized a brush layer composed of end-grafted PDMS and hyperbranched
ethoxylated PEI (EPEI) on glycidyl-functionalized silica wafers, via a sequential grafting-to
assembly method. Wafers were dipped in a liquid solution of amine-terminated PDMS that was
grafted to the substrate at 70°C. These coated wafers were rinsed of ungrafted chains, immersed
in an aqueous solution of EPEI, and subsequently dried before they were heated again to 70°C to
initiate grafting. The final coated wafers would bear surface-tethered PDMS and EPEI chains.
Based on previous work with surface coatings of miktoarm star copolymers, the authors
anticipated that the obtained layer of hyperbranched and linear homopolymers would behave
analogously to purely linear mixed polymer brushes32 AFM imaging of the wafer surfaces
showed nano-scale surface patterning that was consistent with morphologies observed for other
hydrophilic/hydrophobic linear mixed brushes.33-36 Contact angle (CA) measurements showed
evidence of surface reconstruction in water and air. In particular, the brushes possessed a high
advancing CA (indicating a surface populated by PDMS under air) but a low receding CA
(indicating a surface populated by EPEI after contact with water). These brush properties
remained unchanged for more than 10 ‘switches’, indicating highly reversible segregation
behaviour. The results are likewise consistent with previous reports of stimuli-responsive linear
mixed brushes.37
Ellipsometry of the dry and wetted brushes showed an increased film thickness after
contact with water, even after a prolonged drying period. The authors suggest that an upper layer
of PDMS helps water-swollen EPEI chains to retain liquid for a prolonged period after the initial
wetting, leading to an increased film thickness that is retained more than 24h after first contact
with water. Further, they speculate that the water retention of EPEI clusters over long periods
may aid the reversible wettability of the brush layer. They speculate that a higher PDMS content
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may inhibit this switching effect, by providing a sufficient barrier to water diffusion towards the
swollen EPEI.
Based on the above reports, we anticipate that a coating of hyperbranched PEI and
grafted PDMS chains will behave analogously under hydrophilic and hydrophobic solvent
conditions, yielding a reversibly wettable filter surface. Quantitative analysis of the surface
grafting density and the resulting film’s thickness, as well as characterization of microphase
segregation within the film, would require a substantial investment of material and time and is
beyond the scope of this work. In the absence of this structural determination, we discuss the
obtained coatings with the terminology of a ‘brush’ layer in the broad usage of the term. 38 We
will explore the macroscopic properties of an obtained PEI-g-PDMS grafted coating as they
pertain to separation and filtration conditions for oil-in-water emulsions, chiefly through the
coating’s solvent response and wettability as described by contact angle measurements.
The formation of a surface layer with sufficient polarity to destabilise an emulsion, while
preventing the permeation of a bulk aqueous phase under all circumstances are primary concerns
in a successful filter design. In this vein, factors influencing the water repellency of copolymercoated fabrics are outlined below.

1.4 Introduction to Hydrophobic and Superhydrophobic Surfaces
The water repellency of a flat substrate can be roughly characterized by the contact angle
(CA) that a water droplet displays on its surface. This contact angle is obtained from high
resolution imagery of a droplet, at the point where the air/liquid interface meets the solid. A
schematic depiction of this measurement is shown in Figure 1.7. The contact angle formed by a
droplet in an equilibrium state is referred to as the static contact angle (SCA) of the surface.
Surfaces with water SCAs greater than 90° are said to be hydrophobic. Water SCAs above 150°
indicate superhydrophobicity;39 surfaces with this property have attracted great interest in recent
16

literature, both in fundamental studies and for practical applications.40-43 A superhydrophobic
surface generally possesses two key features: (1) a low surface energy and (2) small-scale surface
roughness.

Figure 1.7 Schematic diagram of a liquid droplet on a flat surface displaying the solid/liquid
contact angle and related terms from Young’s equation (1.1).

1.4.1 Low Surface Energy Materials
The chemical makeup of a substrate affects its interactions with other materials. The
surface energy of a material is a measure of the associative interactions that might occur between
itself and other surfaces it is in contact with. For example, the surface energy of a flat substrate
strongly affects its wettability by different liquids, such that droplets of liquid on a material with a
high surface energy will spread across the surface more easily. These wetting properties can be
quantified by the interfacial energies present between specific fluids and substrates. The balance
of these interfacial energies causes the formation of discrete droplets of a liquid on solid
substrates, and is related to the SCA of a droplet by Young’s equation (Equation 1.1, 𝐜𝐨𝐬 𝜽 =
𝜸𝑺𝑮− 𝜸𝑺𝑳
depicted
𝜸𝑳𝑮

in Figure 1.7):
𝐜𝐨𝐬 𝜽 =
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𝜸𝑺𝑮− 𝜸𝑺𝑳
𝜸𝑳𝑮

(1.1)

where 𝜃 is the SCA, and 𝛾𝑆𝐺 , 𝛾𝑆𝐿 , 𝛾𝐿𝐺 refer to the interfacial energies at the solid/gas, solid/liquid
and liquid/gas interfaces, respectively. This relationship is assumed to be valid when the system is
in equilibrium (i.e. when the liquid droplet has achieved maximum wetting on the substrate).
From Equation 1.1, low solid surface energies (𝛾𝑆𝐺 ) correspond to high SCAs. Under these
conditions a liquid is repelled from the surface and ‘beads up’, resulting in a higher observed
contact angle.
Commonly used polymers for preparing low surface energy coatings are polysiloxanes
(e.g. PDMS) and fluoropolymers with typical surface energies of ~20 and ~7 mN m -1,
respectively.44, 45 These materials have been used extensively in industrial and consumer coatings,
such as silicone rubbers and elastomers as well as polytetrafluoroethylene (PTFE or Teflon™).
While the lowest surface energy coatings are obtained using fluoropolymers, life cycle and
exposure studies have highlighted the environmental persistence and apparent toxicity of
perfluorocarbon-containing compounds as well as their degradation products.46-48 In contrast,
polysiloxanes are generally regarded as non-toxic and safe for use in consumer products,49 and
thus remain a popular choice for the low-surface energy components of many liquid repellent,
polymer-based coatings.50-53
1.4.2 Surface Roughness and Patterned Geometries
The resistance of a surface to wetting can also be improved by creating small-scale
roughness. In particular, surface features with micro- to nano-metre length scales can decrease the
effective interfacial energy between a liquid and a surface by ‘suspending’ the fluid above small
pockets of air. This is known as the ‘Cassie-Baxter’ state,54 and is shown schematically in Figure
1.8.
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Figure 1.8 Diagram of liquid droplets on rough surfaces in the Cassie-Baxter (1) and Wenzel (2)
wetting states.

Briefly, a droplet of liquid in the Cassie-Baxter configuration would experience an
average interfacial interaction that is the product of the solid/liquid and liquid/air contact areas
and their respective interaction energies. As the liquid/air interaction energy is significantly lower
than the solid/liquid interaction energy under most conditions, liquids suspended in the CassieBaxter state will on average experience weaker adhesive interactions with the surface. This can
be observed as an increase in its SCA on a textured surface. The relationship between surface
geometry and the observed SCA is described by a modification (Equation 1.2) to the general case
of Cassie’s law (Equation 1.3):
𝒄𝒐𝒔𝜽′ = 𝒇𝟏 𝒄𝒐𝒔𝜽𝟏 + 𝒇𝟐 𝒄𝒐𝒔𝜽𝟐

(1.2)

where 𝑐𝑜𝑠𝜃 ′ is the observed static contact angle, 𝑐𝑜𝑠𝜃1 is the static contact angle for surface
component 1 with the fraction of interfacial area 𝑓1, and 𝑐𝑜𝑠𝜃2 is the static contact angle for
surface component 2 with the fraction of interfacial area 𝑓2. For textured surfaces of a
homogenous material, component 1 is the solid substrate and component 2 is air (and therefore
𝜃2 = 180°, 𝑐𝑜𝑠𝜃2 = −1), and the modified Cassie’s law becomes:
𝒄𝒐𝒔𝜽′ = 𝒇𝟏 (𝒄𝒐𝒔𝜽𝟏 + 𝟏) − 𝟏
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(1.3)

where 𝑓1 is now the fraction of interfacial area occupied by the textured solid. As 𝑓1 decreases,
substrates with an arbitrary 𝜃1 will show greater wetting resistance and a larger apparent static
contact angle 𝜃 ′ .
It is important to note that liquids in the Cassie-Baxter state are only metastable with
respect to surface wetting. A liquid that is suspended atop a textured surface is prevented from
filling the interstitial spaces through a combination of the liquid’s surface tension and the air
pressure within the trapped pockets. However, a liquid can be forced into these spaces with
sufficient external pressure. In the extreme case, a textured surface is fully wetted by the liquid
and no longer exhibits improved wetting resistance. This is known as the ‘Wenzel’ state, as
depicted above (Figure 1.8).
Generally, any textured material with a nonzero interfacial energy will experience some
amount of liquid intrusion. The weight of liquid suspended above the interface exerts a downward
force and results in an increased contact area with the substrate. Most textured surfaces will
therefore display surface properties somewhere between a fully Cassie-Baxter or Wenzel state.
Tuteja et al.55-57 compared a series of micro- and nano-scale textured surfaces, and
observed superior anti-wetting properties for patterns with ‘overhanging’ elements that partially
shielded the void spaces between surface features. Dubbed ‘re-entrant surfaces’, these patterns
were shown to resist liquid creep into the underlying void spaces with the help of local curvature
at the overhanging ‘edge’. If a liquid adopts the same contact angle at each solid/liquid/air
interface, then void spaces with ‘steeper’ or even inverted slopes will cause a more pronounced
curvature of the liquid surface at the point of contact. Liquid creep is hindered by this local
curvature, and a Cassie-Baxter wetting state is maintained for the bulk substrate.
This phenomenon is also thought to be behind the improved wetting resistance of
surfaces that are textured on multiple length scales (thus exhibiting ‘hierarchical roughness’).58
The lotus leaf (Nelumbo nucifera) is a naturally-occurring example of such a surface (Figure 1.9);
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leaves are covered with µm-sized protrusions that are themselves host to a layer of nm-scale
bumps.59 In combination with a low-surface energy wax coating, these leaf surfaces exhibit
superhydrophobicity and are remarkably water repellent.

Figure 1.9 SEM image of a lotus leaf, showing the hierarchical roughness of its waxy outer
surface. Reprinted from H. Ensikat et al., Beilstein J. Nanotechnol., 2011, 2, 152-161.

Hierarchical roughness is increasingly used as an additional surface feature for improved
liquid repellency, as it can be easily produced (or found) on a chosen substrate and the obtained
properties are less susceptible to regular wear than precisely-patterned re-entrant surface
geometries.60 For example, cotton fabrics have been roughened via the grafting of polymeric
nanoparticles, and subsequently coated with PDMS-containing block copolymers to produce a
highly water repellent fabric.61 Briefly, nanoparticles of PS and PGMA were prepared via
emulsion copolymerization and attached onto cotton fabrics using an epoxy ring-opening addition
between uncrosslinked GMA units and hydroxyl groups on the cotton. A surface layer of PDMS21

b-PGMA block copolymer was subsequently applied via the same epoxy-ring opening approach.
The resulting nanoparticle-roughened fabrics were characterized and compared to nanoparticlefree fabrics that were also coated with PDMS-b-PGMA. A significant improvement in the SCA
and water roll-off of the nanoparticle-coated fabrics was observed, and attributed to the additional
roughness imparted by the nanoparticle base layer (Figure 1.10).
It was also noted that the cotton itself was hierarchically patterned, with individual fibres
arranged into μm-size threads that were woven into a μm- to mm-scale patterned fabric. This
innate roughness should serve to improve the wetting resistance of hydrophobically-coated
fabrics even in the absence of any additional nano-scale surface roughness.

Figure 1.10 SEM image showing the surface roughness of a nanoparticle-coated cotton fabric.
Reprinted from Y. Wang, Block Copolymers Containing a Low-Surface-Energy Block and Their
Applications. PhD Thesis, Queen's University, 2016.

This strategy has been successfully employed in previous reports, to create a highly
water-repellent cotton fabric layer that retained an aqueous emulsion phase while permitting the
selective recovery of emulsified oil.1, 15 The present work will likewise anticipate high wetting
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resistance from the obtained PEI-g-PDMS-coated cotton fabrics, in part due to their innately
rough, hierarchically-structured surfaces.

1.5 Water and Oil Mixtures and Their Stability
The outstanding application of the block-copolymer coated fabrics that have been
reported previously,1, 15 and which are described here, is in the aggregation and selective recovery
of oil from water and oil mixtures.
Specifically, these fabrics are used to separate oil-in-water emulsions that contain a
stabilising surfactant. This model solution is used to highlight the applicability of such a
separation scheme towards treating oil-contaminated volumes of water that are commonly
encountered, such as in industrial waste streams or during the spilling or leakage of crude oil.6266,67-71

In addition to oils, such mixtures may contain a number of surface-active chemicals that

can act to stabilise dispersed oil within the aqueous medium and significantly increase the
difficulty of cleanup and remediation.72 There have been a number of recent publications
concerning functionalized membranes that can selectively remove water or oil from a mixture of
the two,73-81 but few concerning the recovery of oil in the presence of a surfactant. Filters
prepared in the present work will demonstrate this process, with an intent to show the potential
for efficient membrane-based treatment of stabilised oil/water mixtures.

1.5.1 Emulsions
The beginning of this section contains a brief summary of the terminology used to
describe the oil/water mixtures used in this work.
Solutions containing immiscible liquids such as oil and water can be classified according
to their composition and the degree of mixing between phases. Here, oil droplets dispersed in an
aqueous medium are referred to as oil-in-water (O/W) mixtures to denote the dispersed and
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continuous phases, respectively. Solutions can also be classified according to the average droplet
size of the dispersed phase, which is indicative of the degree of mixing between the two liquids.
According to IUPAC, immiscible mixtures with dispersed droplet diameters above 100 μm are
known as dispersions. If the dispersed droplets are smaller than 100 μm, the mixture is known as
an emulsion. Emulsions can be further subdivided into micro- and macro- emulsions if the
droplets are smaller or larger than 10 nm.82 As discussed below in Section 2.6 (Preparation of
Surfactant Stabilised Emulsions), the emulsions used in this work have oil droplet diameters
ranging between 5 and 100 μm and are therefore classified as macroemulsions.
Mixtures (including emulsions) of two immiscible liquids are not thermodynamically
stable, and by definition each species will prefer to segregate into its own bulk phase. Briefly, this
is due to the balance of intermolecular forces being attractive towards molecules of the same
species, and insignificant or dispersive between molecules of different species. Another
consequence of this force balance is that molecules at the interface between two immiscible
phases (i.e. where some of their neighbouring interactions are with different species) are in a lessfavourable environment than molecules located within the bulk of each phase (where all
neighboring interactions are with a similar species). The mixture is at its lowest-energy state
when the number of inter-phase interactions, and therefore the size of the interfacial area, is
minimised. Droplets that are dispersed in an immiscible mixture are roughly spherical, and the
scaling between their outer surface area and inner volume is given below;
𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎⁄𝑣𝑜𝑙𝑢𝑚𝑒 = 4𝜋𝑟 2 ÷
𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎⁄𝑣𝑜𝑙𝑢𝑚𝑒 =

4𝜋𝑟 3
3

3
𝑟

or, a droplet which doubles in volume presents 20.8% less interfacial area per unit of liquid. Thus,
larger immiscible droplets are more stable in solution. Unfortunately, (macro)emulsions are
characterized by the small dimensions of their dispersed droplets and will quickly undergo
24

droplet aggregation into larger phases, in order to decrease the interfacial area. Accordingly, an
emulsion that remains dispersed for any significant period of time requires additional stabilisation
to do so. This is typically provided by introducing surface-active compounds (‘surfactants’) that
associate at the interface, and decrease the interfacial energy between phases.

1.5.2 Stabilisation via Surfactants
The sum of the inter-phase interactions at an interface has been referred to as interfacial
energy in the preceding sections, for various combinations of states (solid/liquid, liquid/gas, etc.).
In the context of a liquid/liquid interface this property is known as the ‘interfacial tension’, which
is a dimensionally-simplified equivalent to the interfacial energy. The relationship between the
two is given below, in Equation 1.4:
𝒊𝒏𝒕𝒆𝒓𝒇𝒂𝒄𝒊𝒂𝒍 𝒆𝒏𝒆𝒓𝒈𝒚 =

𝒆𝒏𝒆𝒓𝒈𝒚
𝒖𝒏𝒊𝒕 𝒂𝒓𝒆𝒂

=

𝑱𝒐𝒖𝒍𝒆
𝒎𝟐

=

𝑵𝒆𝒘𝒕𝒐𝒏
𝒎

=

𝒇𝒐𝒓𝒄𝒆
𝒖𝒏𝒊𝒕 𝒍𝒆𝒏𝒈𝒕𝒉

= 𝒊𝒏𝒕𝒆𝒓𝒇𝒂𝒄𝒊𝒂𝒍 𝒕𝒆𝒏𝒔𝒊𝒐𝒏
(1.4)

‘Interfacial tension’ therefore describes the force acting on a unit length of liquid/liquid
interface, using standard SI units of milli-Newtons per metre (mN m-1). The interfacial tension
between any two liquids can be derived from their individual surface tensions according to the
Good-Girifalco equation (Equation 1.5):83
𝜸𝟏𝟐 = 𝜸𝟏 + 𝜸𝟐 − 𝟐𝜱(𝜸𝟏 𝜸𝟐 )𝟏/𝟐

(1.5)

where 𝛾1 and 𝛾2 are the surface tension of any two liquids, and 𝛷 is the interaction parameter
between them. Additionally, 𝛷 may be derived using the molar volumes of each liquid (Equation
1.6);

𝜱=

𝟒𝑽𝟏 𝟏/𝟑 𝑽𝟐 𝟏/𝟑
(𝑽𝟏 𝟏/𝟑 +𝑽𝟐 𝟏/𝟑 )𝟏/𝟐

but in practice is calculated using known interfacial and surface tension values.82
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(1.6)

Surfactants are amphiphilic (‘water-loving’ and ‘oil-loving’) molecules that lower the
interfacial tension between immiscible liquids. They are typically composed of a hydrophilic
‘head’ and a hydrocarbon ‘tail’; some common examples are illustrated below, in Figure 1.11.

Figure 1.11 Chemical structures of some common surfactants.

Surfactants such as those shown above are water soluble below a certain concentration
and will prefer to associate at the interphase between water and oil when present in solution.
Hydrophilic head groups experience dipole-dipole interactions and may participate in hydrogen
bonding with the aqueous phase, while hydrophobic tail groups readily disperse within the outer
layer of the oil phase. The overall result is a significant decrease in the interfacial tension between
phases by creating a more favourable environment for each species at the interface. In the case of
ionic surfactants, further stability is provided by charge repulsion between the outer surfaces of
stabilised oil droplets.
This stabilising effect has been modelled for a range of surfactant compositions and
concentrations,84 and results in emulsions that can remain stably dispersed for weeks or months at
a time. As a consequence of the high stability of such systems, their efficient separation is
challenging and resource-intensive. Therefore, an inexpensively-fabricated membrane that can
reliably achieve such a separation should be of significant interest.
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In literature, surfactant concentrations are frequently referenced relative to their critical
micelle concentrations (CMC). At concentrations below the CMC, surfactants are fully soluble in
aqueous media and most species will be found at the interface between the aqueous phase and any
external environment. Above the CMC, surfactant molecules are sufficiently concentrated to also
form micellar aggregates within the aqueous phase, consisting of a hydrophobic inner core and
hydrophilic outer shell. These aggregates are highly stable in solution and can remain dispersed
for prolonged periods.85-87
The O/W emulsions used in this work primarily contain surfactant at concentrations
below their CMC value in pure water (Section 2.6, Preparation of Surfactant Stabilised
Emulsions). Emulsions containing surfactant (or equivalent surface-active species) in this
concentration range are commonly found as industrial wastewaters, bulk lubricating fluids, and
petroleum process by-products among others.62-71

1.5.3 Coalescence in Metastable Emulsions
Any mixture of oil and water will partition into separate phases over time; emulsions
stabilised by a surfactant simply undergo aggregation and phase separation at a (much) reduced
rate. This is commonly referred to as the ‘breaking’ of an emulsion. In dilute emulsions, three
major phenomena are involved in this process:
(1) Creaming
(2) Ostwald ripening
(3) Flocculation and Coalescence

In practice these processes may occur simultaneously and at varying rates, but the
mechanisms of each are sufficiently different to warrant a separate definition.
1.5.3.1 Creaming
Creaming is named after the most common occurrence of this process; the separation of
butter-fat in unhomogenized milk to form an upper layer of cream. In the general case, creaming
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refers to the stratification of the dispersed phase in an emulsion, based on the size of the dispersed
droplets and their density. As in the namesake example, oils that are less dense than water will
tend to rise to the top of an O/W emulsion over time, while high density oils will tend to sink to
the bottom (known as ‘downward creaming’). The Stokes equation outlines this process for rigid
spheres (Equation 1.7):88, 89

𝒖=

𝟐𝒈𝒓𝟐 (𝒅𝟏 −𝒅𝟐 )
𝟗𝜼𝟐

(1.7)

where 𝑢 is the rate of movement, 𝑔 is the acceleration due to gravity, 𝑟 is the radius of the sphere,
𝑑1 and 𝑑2 are the respective densities of the sphere and the continuous phase, and 𝜂 is the
viscosity of the continuous phase. It should be noted that this assumes a dispersion of rigid
particles of infinite viscosity. In liquid/liquid dispersions, the viscosity of the dispersed phase
should also be taken into account, and theoretical work has attempted to include droplet viscosity
in the above relation.90, 91 However, the effects of droplet viscosity on creaming rates are still not
fully understood.92
Electrostatic repulsion between surfactant-stabilised droplets can also affect the rate at
which emulsions cream. Chanamai et al.93, 94 compared monodisperse emulsions of SDS and nhexadecane at varying droplet diameters (0.43 or 0.86 μm) and oil concentrations (1-67% by
volume) to examine the relative rates of oil stratification. As expected, emulsions containing the
larger droplets experienced faster creaming. However, the rate of creaming also correlated
strongly with the droplet concentration. Solutions of monodisperse droplets were diluted to oil
contents between 1 and 40% by volume, and the more concentrated emulsions showed a marked
decrease in creaming rate. At 40% oil content, creaming was almost completely arrested over the
time period studied (up to 33h after emulsification), in emulsions of either droplet size. The
authors concluded that electrostatic repulsion between surfactant molecules on the surface of
different droplets may retard droplet stratification in solution (as the net movement of droplets
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towards the solution’s upper layer is hindered by their mutual repulsion), and also result in a
lower droplet packing density in any resulting cream. Thus, ionic surfactants can slow the
stratification of O/W emulsions and prolong their stability.

1.5.3.2 Ostwald ripening
Ostwald ripening describes the process by which, over time, larger droplets in an
emulsion are observed to increase in size while smaller droplets shrink. This is not due to the
aggregation of droplets that are in physical contact with one another, but rather the diffusion of
dispersed-phase molecules through the continuous phase and between separate emulsion droplets
in solution. The relative rate of molecular diffusion out of, and subsequent reuptake into, an
emulsion droplet is dependent on the interfacial pressure (‘vapour pressure’) at its surface. The
relationship between interfacial pressure and droplet size is outlined by Kelvin (Equation 1.8)84:

𝑹𝑻𝒍𝒏

𝒑
𝒑𝟎

=

𝟐𝜸[𝑽]
𝒓

(1.8)

where 𝑝 and 𝑝0 are the respective vapour pressures of a bulk liquid and a liquid droplet with
radius 𝑟, 𝛾 is the interfacial tension, [𝑉] is the molar volume of the liquid, 𝑅 represents the gas
constant, and 𝑇 denotes the temperature. From this relation, larger droplets will have a lower
‘vapour pressure’ with respect to the continuous phase of the emulsion, and dispersed-phase
molecules within the ‘vapour phase’ (i.e. the fluid between droplets) will tend to accumulate in
larger droplets over time. The rate of droplet ‘ripening’ in this way depends on the solubility of
the dispersed phase in the continuous phase, its diffusion coefficient through the continuous
phase, and the ability of the dispersed phase to diffuse across the interface, e.g. if it is difficult to
pass through the layer of surfactant molecules around an emulsion droplet.
Weiss et al.95 observed a strong correlation between the solubility of hydrocarbon oils in
water and the rate of ripening in their emulsions, with longer chain-length oils being poorly
soluble. Droplets of n-decane stabilised by 20 mM SDS in solution grew 10-fold within 200 h of
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emulsification, whereas the Oswald ripening rates of n-hexadecane and n-octadecane emulsions
were three and four orders of magnitude slower, respectively. They exhibited only small increases
in droplet size over time, more than three months after emulsification.
In contrast, a relatively weak dependence of stability on surfactant type and surfactant
concentration was observed. Ripening rates were somewhat faster with non-ionic versus ionic
surfactants. The stability of emulsions containing anionic SDS was high, but only marginally
improved by the addition of more surfactant, in agreement with previous work. 96 Thus, emulsions
containing poorly-soluble oils may exhibit greater resistance to Ostwald ripening under a range of
possible surfactant concentrations.
In the same vein, the majority of model emulsions prepared in this work (Section 2.4)
contain both SDS as the surfactant and n-hexadecane as the dispersed phase, and so the influence
of Ostwald ripening on emulsion stability is assumed to be minimal during the ~2 h interval in
which separations are performed.

1.5.3.3 Flocculation and Coalescence
The primary process through which emulsions separate into bulk phases is by the
aggregation or ‘flocculation’ of individual droplets into clusters or ‘flocs’, and subsequent
coalescence of the multiple droplets into a single unit.82 Broadly, the rate of floc formation
depends on the concentration of emulsified droplets, their diffusion through solution, and the
adhesion between droplets that are brought into contact with each other. The rate of coalescence
within a floc depends on the number of droplets present in a floc and their size, and the degree to
which the droplets resist deformation of their outer surfaces, in order to merge together.
Both flocculation and coalescence are hindered by the presence of surfactant, particularly
ionic surfactants.82,

97

Electrostatic repulsion between stabilised droplets slows the rate of floc

formation and acts as a barrier to droplet-droplet adhesion. Coalescence within a floc is impeded
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by the rigidity of the surfactant monolayer that surrounds each droplet.82 The outer surfaces of
these droplets resist deformation, and are less likely to merge into a single unit.
Most often, studies of emulsion stability examine the overall rate of both processes
together, collectively termed ‘coagulation’, as it is not a trivial task to separate the occurrence of
flocculation and coalescence under practical conditions.84 Generally, higher surfactant
concentrations are strongly correlated with longer coagulation times and more stable emulsions.
Interestingly, Cockbain et al.98 studied O/W emulsions with high surfactant contents and
noted a decrease in emulsions stability when surfactant concentrations were significantly above
their CMC. Emulsions stabilised by cetyl trimethylammonium bromide (CTAB) and SDS
underwent coagulation when their surfactant content was ~2x and 1.5x higher than the CMCs in
pure water. Coagulation at high surfactant content was also reported by Higuchi et al.99, in a
subsequent study of hexadecane emulsions stabilised by dioctyl sodium sulfosuccinate (Aerosol
OT, AOT). The authors submit that at surfactant concentrations above the CMC, a significant
portion of the surfactant species should not undergo dissociation in solution but would retain their
counter ions, including those adsorbed on the droplet interface. This would result in a decreased
net charge at the droplet surface and reduce the electrostatic repulsion between droplets, thus
promoting droplet aggregation.
In aqueous solution, the charged surface of a stabilised droplet is surrounded by a diffuse
layer of loosely-associated counter ions (the Electrical Double Layer, EDL). This layer remains
associated with the droplet as it moves through the solution, and inter-droplet repulsion is
primarily due to interactions between the double layers of each particle, rather than direct
repulsion between droplet surfaces.97 The thickness of a double layer is known as its Debye
length (Equation 1.9)82:
𝜅=√
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8𝜋𝑛𝑧 2 𝑒 2
𝜖𝑘𝑇

(1.9)

where 1/ 𝜅 is the Debye length, 𝑧 is the valence charge of the counterions in solution, 𝑛 is the
number of ions per cubic centrimetre at some distance from the double layer, 𝑒 is the elementary
charge, 𝜖 is the dielectric constant of the continuous phase, 𝑘 is the Boltzmann constant, and 𝑇 is
the absolute temperature. The Debye length is equal to the distance from the surface at which the
potential decreases to 1/e of its original value. It is important to note that the Debye length is
proportional to the reciprocal of the solution’s ionic strength. Higher ionic strengths will result in
‘thinner’ double layers and thus permit closer droplet-droplet approaches. This encourages
droplet aggregation, similar to the effects of a decrease in droplet surface charge.
Both phenomena are exploited during industrial waste processing in order to aggregate
dispersed pollutants. Simple electrolytes (e.g. FeCl3, Al2(SO4)3, and Ca(OH)2) can be introduced
into a waste stream to neutralize surfactant head-group charges and reduce electrostatic repulsion
between stabilised particles.100, 101 More recently, charged polymeric materials (polyelectrolytes)
have also been used as coagulants. Rather than affecting the bulk electrolytic properties of the
aqueous phase, polyelectrolyte additives encourage aggregation by linking particles together
through surface-polymer-surface bridges; the so-called direct flocculation mechanism.102 A
suitable polymer can be chosen to counter the net charge of any dispersed species present in
solution. Cationic polymers are a common choice as many waste streams contain negatively
charged solids and/or surfactants.103-105 The oppositely-charged polymer chains are typically of a
high molecular weight and can be heavily branched, in order to enhance their flocculating
power.106
Joo et al.106 synthesized a series of linear and branched polyamines and investigated their
flocculation efficiency on dye-industry wastewaters. Crude condensation polyamines from
dimethylamine, hexamethylenediamine, and trimethylhexane-diamine were functionalized with
acrylamide groups to compositions of 10-50% by weight. Aqueous aliquots of the obtained
polymers were introduced into raw dye wastewater samples alongside Al2O3 (an inorganic
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coagulant) and the resulting colour change was monitored as a proxy for particle flocculation over
time. The authors noted that the decrease in colour intensity was more pronounced for polymer
flocculants of both a higher molecular weight and greater charge density on the backbone, with
the latter having a more pronounced effect. Of the synthesized polyamines, branched polymers
possessed higher charge densities than linear or grafted samples as measured by colloid titration.
The authors conclude that longer, highly branched polycations are more effective at flocculating
charged species in the examined wastewaters. The de-emulsifying agent used in this work,
poly(ethylenimine) (PEI) was chosen according to these criteria; it is a hyperbranched,
polycationic polymer that possesses exceptionally high charge density.
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Chapter 2
Experimental Details

2.1 Preparation of PEI-g-PDMS Graft Copolymers
2.1.1 Reagents
Mono-(2,3-epoxy)propylether terminated PDMS (PDMS-gly) (Mn = 5000 g mol-1) was
purchased from Gelest (Morrisville, PA). PEI was purchased from Aldrich; samples were either
neat polymer (800 and 10 000 g mol-1 PEI) or 50% w/w aqueous solutions (1800 g mol-1 PEI).
Neat polymer was used for copolymer synthesis without further purification. Aqueous PEI was
evacuated under reduced pressure to dryness and stored for subsequent use. Methyl isobutyl
ketone (MIBK) (≥99.5%) and trimethylamine (TEA) (≥99%) were purchased from SigmaAldrich and used without further purification.

2.1.2 Synthesis of PEI-g-PDMS
PEI-g-PDMS graft copolymers were synthesized according to a previously published
procedure.107 Crude PEI (800, 1800 or 10 000 g mol-1) was weighed into a 100mL single-neck
Schlenk flask, into which 22 mL of MIBK was added. Subsequently, liquid PDMS-gly and 3 mL
TEA were introduced before the flask was sealed and heated to 75 °C under vigorous stirring to
solubilize PEI. The flask was then purged with N2 and heated to 87 °C for up to 72h to allow PEIPDMS grafting to proceed. Solvent was evacuated under reduced pressure at regular intervals
until the solubility limit of PEI was reached (indicated by a clouding of the reaction solution).
After each evacuation ~0.2 mL of TEA was introduced to re-solubilize PEI. Samples were
removed at regular intervals and their free PDMS content was analyzed via size-exclusion
chromatography (SEC, GPC; see Section 3.3.1 below). Once grafting was complete, the reaction
vessel was evacuated to remove the remaining solvent, yielding a clear, viscous yellow polymer.
Obtained PEI-g-PDMS solutions were stored in sealed 40 mL glass vials from which aliquots
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were dispensed to coat cotton fabrics. The graft copolymers prepared for this work are outlined
below.
Table 1: Composition of graft copolymers used to coat cotton fabrics.
PEI Mn

PDMS content

-1

(g mol )

(wt.%)

P1

600

76

P2

600

82

P3

600

86

P4

600

90

P5

600

93

P3-1

600

86

P3-2

1 800

86

P3-3

10 000

85†

P0-1*

10 000

33

*

10 000

50

‡

10 000

67

P0-2
P0-3

†

*

: Coated cotton fabrics were unable to consistently retain aqueous emulsion. : An excess of
PDMS was used to achieve the desired weight ratio; see Appendix B. ‡Oil flux through coated
fabrics was poor.

2.2 Preparation of PEI-g-PDMS -Coated Cotton Fabrics
2.2.1 Reagents
CHCl3 (99.8% with ethanol as stabilizer) and poly(ethylene glycol) diglycidyl ether
(DGE) (202 or 500 g mol-1) were purchased from Sigma-Aldrich and used without further
purification. Plain weave, 100% cotton fabrics were purchased from a local textile store and
characterized by SEM and optical microscopy. Fabric samples were stirred overnight in a 5.0
wt.% aqueous solution of Fischer Sparkleen detergent and subsequently rinsed with water (3x)
and CHCl3 (3x) before air drying overnight. Fabric samples to be coated were cut and labelled
with a graphite pencil prior to immersion in copolymer solution.
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Figure 2.1 SEM image of cotton fabrics used in this study; (a) tight-weave and (b) loose-weave
100% cotton fabric.
2.2.2 Cotton Coating with PEI-g-PDMS
The general protocol for coating cotton fabrics was adopted from a previous study1 and
proceeds as follows. (1) PEI-g-PDMS aliquots were weighed and dissolved in CHCl3. (2) A 5 cm
diameter circular swatch of cotton was added to a 20 mL vial alongside the copolymer solution,
and stirred gently for 1h. (3) DGE crosslinker was introduced and the solution stirred for a further
15 min. (4) Soaked cotton swatches were removed from solution and solvent was allowed to
evaporate for 15 min. (5) Dried swatches were annealed and crosslinked at 120 °C overnight
under reduced pressure. (6) Residual uncrosslinked polymer was removed via subsequent solvent
extraction, in CHCl3 for 1h under vigorous stirring. Finally, samples were rinsed once more with
CHCl3 before being stored for characterization or separation tests.

2.3 Characterization of Coated Cotton Fabrics
2.3.1 Contact Angle Measurements
Contact angle measurements were performed at room temperature (21 °C) using
deionized water or solutions of 0.50 mg mL-1 sodium dodecyl sulfate (SDS) in deionized water.
36

Measurements were performed on a Dataphysics® OCA 15 Pro optical contact angle measuring
system, using a Hamilton Gastight® 500 µL syringe. Cotton swatches were pinned to the sample
stage to ensure a flat surface for contact angle measurements.

2.3.2 Attenuated Total Reflectance Infrared Spectroscopy (ATR-IR)
IR spectral analysis of coated cotton samples was performed using a Bruker ALPHA
Platinum ATR unit. The diamond crystal was rinsed with deionized water and CHCl3 between
measurements of each cotton swatch; characteristic spectra for each sample were averaged across
eight scans.

2.3.3 Scanning Electron Microscopy (SEM)
Scanning electron microscopy images were obtained using a FEI-MLA Quanta 650 FEGESEM instrument in the environmental SEM mode. The acceleration voltage used was 10.0 kV.
The secondary electron detector used was of an Everhart-Thornley model and the used beam spot
size setting was 4.0 (corresponding to 4.0 nm in beam diameter). Samples were not coated with
Au prior to SEM observation.

2.3.4 Microbalance Gravimetric Analysis
Uncoated cotton samples were dried under vacuum at 120°C to remove adsorbed water
until no change in sample weight was noted (4 h). Samples were then coated with PEI-g-PDMS
according to a standard coating procedure (2.2.2). After coating, samples were extracted in
chloroform under rapid stirring (1 h) to remove excess ungrafted copolymer before being dried
again under vacuum at 120 °C (4 h). Sample weights were compared before and after coating to
determine the mass of grafted polymer that was retained. Cotton sample weights were measured
using a Mettler AT20 Type Microbalance (± 0.002 mg).
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2.3.5 Size-Exclusion/Gel Permeation Chromatography (SEC/GPC)
A size exclusion chromatograph (SEC) system with a Wyatt Optilab rEX refractive index
(RI) detector was used to follow PDMS grafting to PEI. Chloroform (containing 2.5 v/v%
triethylamine) was used as the eluent at a flow rate of 1.00 mL/min. The columns used were of
MZ-Gel SDplus packed with beads possessing pore sizes of 500, 10000 and 100000 Å and were
calibrated with narrowly dispersed PS standards. The solution samples were filtered by syringe
filters (Dikma, PTFE, 0.22 μm) before they were injected into the SEC system.

2.4 Preparation of Surfactant Stabilised Emulsions
Emulsions used in this work were prepared by vigorous mechanical stirring (Figure 2.2).

Figure 2.2 Mechanical stirring setup used for emulsification in this study. (a) Mechanical stirrer,
(b) Teflon top cap and stirring stabilizer, (c) Glass round-bottom emulsion flask and Teflon
stirring rod.

In a typical emulsification, 20 mL of emulsion was prepared. The surfactant was weighed
via microbalance (10.0 mg for a concentration of 0.50 mg mL-1) into a 100 mL round bottom
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flask that was rinsed with water, THF and water and dried before each use. Deionized water (14,
16, or 18 mL for 30, 20 or 10% oil emulsions, respectively) and hexadecane (99%, SigmaAldrich) were dispensed into the flask, which was affixed to a mechanical stirrer and agitated at
1200 rpm for 30 min. to produce an opaque, milky hexadecane/water emulsion solution. The
obtained emulsions were used for separation experiments immediately after preparation.
By optical microscopy of the obtained emulsions it was determined that polydisperse
macroemulsions were produced (Figure 2.3).

Figure 2.3 Optical microscope images of two emulsions taken immediately after preparation;
scale bars are 100 µm. Emulsion composition is 20% hexadecane v/v, with 0.50 mg mL-1 SDS as
surfactant in both cases.

As can be seen above, a wide range of oil droplet sizes were obtained using this
emulsification method. It is noted that the emulsion aliquots were immobilized between two glass
slides for imaging; this pinned and flattened the larger droplets and so their diameter as pictured
above is exaggerated. We estimate that the smallest obtained droplets are ~5 µm in diameter,
while the largest are between 50-100 µm in size. As the obtained emulsions were opaque, milky
solutions under all compositions studied, a detailed analysis of their polydispersity (i.e. via lightscattering measurements)108 was not attempted.
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Several vials of emulsions were prepared using the aforementioned method and allowed
to sit undisturbed for up to four months to evaluate their stability (Figure 2.4).

Figure 2.4 Top: Image of 20 mL emulsion vial (10% hexadecane, 0.50 mg mL-1 SDS) both (1)
immediately after preparation and (2) four months after preparation, with (3) 10% unstabilised
hexadecane in water for comparison. Bottom: Creaming in vials of 20% hexadecane emulsion 5
days after preparation, with varying SDS content.

A significant degree of creaming separation into an oil-rich and oil-poor layer was
observed, as anticipated; hexadecane is significantly less dense than water (0.773 g mL-1) and
macroemulsion droplets are too large to be dispersed by Brownian motion in solution.82 As no
macro-phase separation of oil from the emulsions was observed, we are confident that model
emulsions prepared according to this procedure exist in a metastable state and will not deemulsify in the absence of external forces on a practical timescale. Their successful separation via
PEI-g-PDMS –coated filters should demonstrate the potential of aforementioned coating designs
toward remediating wastewaters of current industrial and environmental interest.62-70
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2.5 Analysis of Separation Performance
PEI-g-PDMS coatings were characterized primarily by their separation performance on
model hexadecane-in-water emulsions stabilized by the anionic surfactant SDS.
Oil/water separations were performed using a custom-built apparatus consisting of two
glass cells between which the coated cotton fabrics were sandwiched (Figure 2.5).

Figure 2.5 Oil/water separation apparatus used in this work. (a) The emulsion cell, (b) coated
cotton swatch held in place by rubber O-rings, (c) collection cell for separated oil. The cell sits
atop a magnetic stirrer used to agitate the emulsion cell.

Separation progress was monitored by the oil volume collected over time. Video
recordings of the separation cell were analysed and the height of oil in the collection cell was
compiled into a plot for each separation. For each emulsion composition, the collection cell scale
was calibrated with a specified volume of oil to indicate the percentage of oil recovered at each
ruler gradation. Thus, the height of oil over time was correlated to the volume recovered from the
emulsion cell and could be plotted numerically. The author notes that the cell, ruler and camera
used to record separation footage were assigned static locations to minimize any parallax effects
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on the obtained height measurements. Height/volume calibrations were performed for each
change in emulsified oil content as well as after any adjustments to the positioning of the
separation apparatus for further consistency.
It is significant to note that the model emulsion compositions used for separation tests
varied over the course of this study; a more stable emulsion was employed over time as the
separation performance of the obtained coatings improved. Thus, the oil content in prepared
emulsions was reduced from 30% to 10% during optimization of the PEI-g-PDMS coating.
Coating series that explored variations in copolymer composition, copolymer concentration, and
amount of crosslinker used were tested at different points during the course of the study and
therefore tested using different emulsion compositions. Comparisons of separation performance
are provided for each change in emulsion composition.
For ease of comparison between coating series, their results are presented as the
percentage of oil recovered after a 2 h separation run. Full plots of oil recovery versus time are
shown for the optimized coating composition (Figure 3.12), reproduced below for convenience.

Figure 2.6 Consecutive separation performance of optimized PEI-g-PDMS coatings; see Figure
3.12.
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It can be seen that over the course of a typical oil/water separation, an asymptotic
decrease in oil flux across the membrane occurs, approaching a certain maximum value of
recovered oil. The majority of separation trials reached or approached this point within 2 h of the
onset of separation, and thus the percentage of oil recovered after the 2 h mark was chosen to
show the trend in overall separation effectiveness as each individual variable is altered.
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Chapter 3
Results and Discussion
3.1 Introduction
As discussed in Section 1.5, the efficient separation of o/w emulsions, particularly those
stabilized by surfactants, is a significant industrial and environmental concern.109,

110

Mining,

textile and petrochemical industries generate large volumes of oily wastewater of varying degrees
of stability, which can require energy- and resource-intensive treatment strategies for
remediation.62,

63, 102

The recovery of oil from wastewaters via selective filtration methods is

resource efficient and does not require external inputs such as chemical de-emulsifiers or heat.
Further, the occurrence of oil spills/leakages for industries in close proximity to marine
environments can endanger local ecology, and a filtration method that could quickly efficiently
recover discharged oils would help to mitigate these risks. Recent publications have demonstrated
the de-emulsification performance of hydrophilic/hydrophobic copolymer coatings on cotton
fabrics;1,
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such coating designs might find widespread adoption if they can be simply and

inexpensively prepared.
This thesis presents a simple approach for the preparation of a hydrophilic/hydrophobic
graft copolymer coating on cotton fabrics that separates surfactant-stabilised oil from aqueous oilin-water emulsions, based on the graft copolymer PEI-g-PDMS. A schematic diagram of the
obtained polymer layer is shown below in Figure 3.1. The copolymer was applied to cotton
fabrics via a solution of CHCl3 that contained a diglycidyl-terminated crosslinker. The cotton
fabrics were soaked in this coating solution and the CHCl3 was allowed to evaporate. The graft
copolymer was then crosslinked around the cotton fibres at 120 °C via epoxy ring-opening
additions between the diglycidyl crosslinker moieties and primary or secondary amine groups
present on the branched PEI. This produced a crosslinked network of PEI chains that secured the
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graft copolymer around the outside of the cotton fibres, yielding a thin polymer layer possessing
pendant PEI chains (the uncrosslinked branches) as well as PDMS chains. On contact with an
aqueous emulsion, the PDMS chains would collapse towards the cotton surface, while the PEI
chains would extend into the emulsion phase and encourage the aggregation of emulsified oil.
Pure oil would preferentially wet the PDMS units of the bifunctional coating and allow oil to be
eluted through a coated fabric. The separation performance of the obtained coating was optimized
by varying the PEI-PDMS ratio (3.3.1), the length of the PEI units (3.3.2) and the degree of
crosslinking between PEI units (3.3.4).

Figure 3.1 Schematic diagram of PEI-g-PDMS copolymer crosslinked on the surface of a cotton
fabric; (a) in air or when in contact with oil, (b) when in contact with aqueous solution.

3.2 PEI-g-PDMS –Coated Cotton Fabrics
ATR-IR was used to confirm the successful coating of PEI-g-PDMS on cotton and show
the removal of excess copolymer that occurs during subsequent rinsing (Figure 3.2). Two sharp
peaks at 1260 cm-1 (Si-CH3 symmetric bending) and 795 cm-1 (CH3-Si-CH3 rocking) and one
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broad peak at 1105 cm-1 (Si-O-Si asymmetric stretching) were observed, which correspond to the
PDMS chains grafted onto branched PEI units. A decrease in PDMS peak intensity after the
coated cotton was extracted with CHCl3 shows the removal of excess ungrafted polymer from the
coated cotton surface. Aside from these data, the broad peak observed at ~1640-1650 cm-1 (N-H
bending) was attributed to the amine units (primary and secondary) of the PEI backbone. For
comparison a reference coating containing only PEI was prepared; it likewise showed a
significant increase in signal intensity at 1652 cm-1.

Figure 3.2 ATR-IR spectra of uncoated cotton, PEI-g-PDMS coated cotton (before and after
solvent extraction), and PEI coated cotton. The graft copolymer used contained 85% PDMS by
weight and was prepared with PEI of Mn = 10 000 g mol-1. Left: Spectral overview from 4000 to
500 cm-1. Right: Detail of spectral comparison from 2000 to 500 cm-1; Inset: Detail of spectral
comparison between PEI and PEI-g-PDMS –coated cotton at 1652 cm-1 (N-H bending).

3.3 Optimization of Coating Components
Preliminary separation trials using graft copolymer compositions with low PDMS content
(≤50 wt. %) on large-pore cotton fabrics (Figure 2.1) were unable to consistently separate
significant quantities of emulsified oil without leakage, experiencing intermittent emulsion
penetration through the coated fabrics. A series of graft copolymers with high PDMS content was
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subsequently prepared to evaluate the influence of PDMS on separation performance and
emulsion retention. PEI-g-PDMS coatings containing ≥66% PDMS by weight experienced no
emulsion penetration even after three days of direct emulsion contact. With the goal of
developing a robust, highly selective filter, subsequent optimization of coating characteristics
focused on graft copolymer compositions within this range.

3.3.1 Influence of Varying PDMS Weight Fraction in PEI-g-PDMS
PEI-g-PDMS graft copolymers were synthesized from PEI (Mn = 600, Mw = 800 g mol-1)
and PDMS-gly (Mw = 5 000 g mol-1). The degree of PDMS-PEI grafting was monitored by SEC.
Graft copolymer samples at 14.0 mg mL-1 in CHCl3 were injected and the change in PDMS peak
area (at 25.7 min. elution time) was used to monitor the progression of the grafting reaction
(Figure 3.3). Free PDMS-gly is eluted through the PS column via CHCl3, but PEI-g-PDMS graft
copolymers interact strongly with the column material and are not eluted. Thus, the PDMS peak
at 25.7 min. indicates the amount of free PDMS remaining in the reaction solution.

Figure 3.3 SEC trace of PEI-g-PDMS50% graft copolymer during grafting. The free PDMS peak
at 25.7 min. elution time is used to monitor the degree of PEI-PDMS attachment.
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The obtained graft copolymers were used to prepare coating solutions containing 50 mg
mL-1 graft copolymer and a known molar quantity of DGE (Mw = 202 g mol-1) as a crosslinking
agent. The concentration of DGE was varied for each coating to obtain a 5:1 molar ratio of amine
(PEI) to glycidyl units (DGE). Tight-weave cotton fabrics were coated as described above, and
used to separate 30% hexadecane oil-in-water emulsions containing 0.50 mg mL-1 SDS as
surfactant. The results are presented below, in Figure 3.4.

Figure 3.4 Influence of PEI-PDMS weight ratio on o/w separation performance, showing the
percentage of oil recovered after 2h. The weight percentage of PEI in the coatings P1, P2, P3, P4
and P5 was 24%, 17%, 14%, 10% and 7%, respectively. All separation trials were performed
using emulsions containing 30% v/v hexadecane, 0.50 mg mL-1 SDS.

Coatings containing an intermediate PDMS content of 86% by weight recovered the
greatest quantity of oil. The results are interpreted within the context of the proposed separation
mechanism, whereby the outer layer of the bifunctional coating reconstructs to expose the
hydrophilic, polar amine groups (PEI) to the aqueous emulsion solution, while the areas of the
filter not in direct contact with the emulsion are able to adsorb separated oil and form an oil
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selective barrier that prevents emulsion penetration. We note that (1) previously prepared
coatings with low PDMS –content (see 3.3) were unable to retain emulsion solutions, and were
gradually wet by the aqueous emulsion mixtures. The bulk coating compositions favoured
wetting by the aqueous phase of the emulsion over time. (2) At higher PDMS content (≥66%),
emulsion would not penetrate the coated fabrics even on long time scales, and the entirety of the
coated fabric not in direct contact with the emulsion became wet with hexadecane. In this case the
bulk coating composition either favoured wetting by pure oil, or else was so slowly wetted by the
aqueous phase that no change was noted after 72 h. It is suggested that in the series P1-P2-P3, the
increase in PDMS content results in a coating composition that increasingly favours wetting by
pure oil and thus increases the amount of oil recovered through the filter. In contrast, for the
series P3-P4-P5 the increase in PDMS content (and corresponding loss of PEI) leaves less amine
available to encourage de-emulsification and less oil is able to be destabilized from the emulsion
and recovered over the same period. Thus the composition of P3 (86% PDMS by weight) should
contain a balanced ratio of PEI and PDMS for de-emulsification and oil filtration, respectively.

3.3.2 Influence of PEI Molecular Weight
To examine the influence of PEI chain length on separation performance, graft
copolymers containing PEI of (Mn 1 800, 10 000 g mol-1) were also prepared and coated on
cotton fabrics as described above. Separation performance was evaluated on 30% and
subsequently 20% v/v hexadecane o/w emulsions containing 0.50 mg mL-1 SDS as surfactant
(Figure 3.5).
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Figure 3.5 Influence of PEI molecular weight on separation performance, showing the percentage
of oil recovered after 2 h from emulsions containing 30 and 20% hexadecane by volume. The
number-average molecular weight of PEI in the coatings P3-1, P3-2 and P3-3 was 600, 1800, and
10 000 g mol-1 respectively. Each copolymer was prepared with 86% PDMS by weight. All trials
reached asymptotic oil recovery volumes prior to the 2 h mark.

Coatings prepared using the longest PEI chains (Mn = 10 000 g mol-1) demonstrated the
best separation performance. The trend is emphasized during the separation of more dilute
emulsions containing only 20% oil by volume (as they contain more surfactant per unit of oil and
thus are more highly stabilised). As the PDMS content was uniform between the graft
copolymers, it is proposed that the use of fewer, longer PEI branches improves their ‘reach’ into
the aqueous phase and de-emulsification ability (as noted previously for PDMAEMA blocks of
varying length1) while leaving the overall hydrophobic content of the coating unchanged. All
three compositions displayed very hydrophobic water contact angles (142 ± 2°, 142 ± 3, and 141
± 2° for P3-1, P3-2 and P3-3, respectively).
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To confirm the optimal PDMS content for PEI10k –containing copolymers was unchanged
from that established using PEI600, a graft copolymer of PEI10k containing 70% PDMS by weight
was prepared and used to separate 30% oil emulsions. The oil recovery after 2 h was 78 ± 2.0%,
compared to 93 ± 2.5% for P3-3. Unfortunately a graft copolymer of PEI10k containing 90%
PDMS by weight could not be successfully synthesized, as this was likely approaching the
grafting limit of PDMS chains per PEI backbone. Thus, a graft copolymer composition using
85% PDMS by weight and PEI10k as the hydrophilic group was employed for the remainder of the
study.

3.3.3 Influence of Copolymer Concentration
To determine the effect of copolymer solution concentration on the quantity of copolymer
applied, a series of coatings were compared by gravimetric analysis during sample preparation,
via microbalance measurements of dried cotton samples. Before each measurement, cotton
swatches were dried under reduced pressure at 120 °C for 4 h. Each dried sample was compared
before and after application and subsequent solvent extraction of the graft copolymer to
determine the mass of copolymer that remained bound on the fabric surface. The results are
presented below, in Figure 3.6.
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Figure 3.6 Mass gain of PEI-g-PDMS –coated cotton fabrics by microbalance gravimetric
analysis. Samples were coated with P3-3 using DGE at a crosslinker ratio of 5:1 amine units to
glycidyl units.

Coatings prepared from solutions of copolymer between 25 – 200 mg mL-1 showed a linear
dependence of applied polymer on the initial solution concentration, suggesting the retention of
crosslinked PEI-g-PDMS on the cotton surface was consistent in this range.
While a monolayer of PEI-g-PDMS copolymer on the cotton surface should theoretically
be sufficient to achieve oil/water separation, it is possible that a multilayered coating is produced
using the simplified coating procedure as described above. As in previous studies,61,

111

the

thickness of the applied polymer layer can be estimated using the surface area and density of the
applied block copolymer, in addition to the mass gain of a coated sample as obtained by
gravimetric analysis (Figure 3.6). The surface area of the fabrics used can be estimated from the
dimensions of the woven cotton fibres per square centimeter of fabric, as obtained by SEM
imaging (Figure 3.7); see Appendix A.
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Figure 3.7 SEM image of an uncoated tight-weave cotton fabric after rinsing with 5.0%
Sparkleen detergent and CHCl3. Scale bar is 500 µm.

The specific surface area of the cotton fabrics used is 2.25 m2 g-1. The estimated coating
thicknesses would be 7.3, 9.7, 19.4, 30.4 and 39.9 nm for coatings prepared from 25, 50, 100, 150
and 200 mg mL-1 copolymer solutions, respectively. These thicknesses are on the same scale as
the length of a fully extended PDMS chain (~19 nm for a Mw of 5000 g mol-1) and the
hydrodynamic radius of a branched PEI chain (~5 nm for a Mw of 25 000 by DLS.112). We note
that the estimated coating thickness would be averaged across a coated fabric surface and is
dependent on the estimated cotton surface area (Appendix A). From this we can conclude that a
monolayer or thin multilayer of PEI-g-PDMS is applied to coated cotton fabrics using the
established coating procedures. The applied polymer layer was sufficiently thin that no noticeable
change in the intrinsic properties of the fabric (softness, flexibility) was observed, apart from a
marked increase in hydrophobicity.
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During oil/water separation, fabrics coated from 100 mg mL-1 copolymer solutions
achieved the highest oil recovery volumes in a 2h separation window (Figure 3.8).

Figure 3.8 Influence of coating solution concentration on separation performance, showing the
percentage of oil recovered after 2 h from emulsions containing 20 and 10% hexadecane by
volume. Coatings P3-3A, P3-3B and P3-3C were prepared using P3-3 in CHCl3 solutions at
concentrations of 50, 100, and 200 mg mL-1, respectively. Each coating solution contained DGE
at a ratio of 5:1 amine to glycidyl units.

The increase in separation performance as a coating solution concentration of 100 mg
mL-1 is approached suggests that a more uniform coating of PEI-g-PDMS is applied to the cotton
surface. The decrease in separation performance from coating solutions above 100 mg mL -1 may
be due to the formation of multilayered or amorphous aggregates on the fabric surface due to
excess copolymer solution (see Figure 3.9). To avoid this, subsequent coatings were prepared
using 100 mg mL-1 solutions of PEI-g-PDMS.
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Figure 3.9 SEM image of uncoated cotton (left) and cotton coated with 200 mg mL-1 solutions of
PEI-g-PDMS (right) at a thread junction; scale bars are 50 µm. Indicated are suspected copolymer
aggregates.
3.3.4 Influence of Crosslinker Content and Molecular Weight
It is noted here that no significant surface reconstruction by deionized water was
observed for 85% PDMS coatings. The change in water contact angle over time as a function of
PDMS content is given below, in Figure 3.10.

Figure 3.10 Influence of PDMS weight ratio on apparent surface reconstruction of PEI-g-PDMS
–coated cotton fabrics. All graft copolymers were synthesized with PEI of Mn 10 000 g mol-1, and
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coatings were applied using 50 mg mL-1 copolymer solutions in chloroform with a crosslinker
ratio of 5:1 amine to glycidyl units. 5.0 µL droplets of deionized water were used for contact
angle measurements.

Fabrics coated with PEI-g-PDMS85% displayed only a slight decrease in static water
contact angle, from 141 ± 2° to 133 ± 1° over 30 min., which may be due to droplet evaporation
over time. As discussed above, coatings of low PDMS-content copolymers (PEI-g-PDMS67% and
below) were unable to consistently retain emulsions and experienced gradual wetting by the
aqueous phase. Separation performance was maximized at higher PDMS content (Figure 3.4)
where no significant surface reconstruction via deionized water was observed. It is thought that
significant reconstruction of the PEI network might reduce the ability of the coating to reject
unseparated emulsion over time, in contrast to prior coatings prepared with pendant PDMAEMA
chains attached to a poly(methacrylate) backbone1, where moderate surface reconstruction of
PDMS and PDMAEMA groups was positively correlated with efficient separation performance.
As PEI is much more hydrophilic than either PDMAEMA or poly(methacrylate) and is readily
swelled by water,31 it was suspected that only coatings which restrict the rearrangement of
branched PEI chains would resist emulsion penetration over long periods and produce consistent
separation results; to this end the crosslinking degree of the coating was varied to determine its’
effect on o/w separation performance.
While surface reconstruction of highly-performing coatings by water was limited, more
significant changes in surface properties were noted using aqueous solutions of SDS (0.50 mg
mL-1, the same concentration used to prepare o/w emulsions). The effect of crosslinking density
and crosslinker length on the surface reconstruction of coatings by aqueous SDS is given below
(Figure 3.11).
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Figure 3.11 Left: effect of crosslinker length on surface reconstruction of PEI-g-PDMS85%
coatings, with contact angle of deionized water over time for comparison. Right: effect of
crosslinking density on surface reconstruction of PEI-g-PDMS85% coatings prepared from 100 mg
mL-1 solutions of copolymer and crosslinked by DGE500. Aqueous solutions of SDS contained
0.50 mg mL-1 of surfactant and were prepared from aliquots of deionized water.

In the presence of aqueous SDS a significant change in surface properties was noted for
coatings crosslinked with DGE200, with the apparent contact angle decreasing from 134 ± 1° to 50
± 7° over 30 min. Coatings crosslinked by DGE500, in contrast, decreased from 135 ± 1° to 89 ± 2°
over the same period. Increasing the crosslinker density for DGE500 coatings from 5:1 to 2:1 PEI
amine units per glycidyl unit further decreased the apparent surface reconstruction of the
coatings, for a decrease of 136 ± 1° to 111 ± 1°. It is thought that a longer crosslinker allows for
PEI-PEI linkages between more disparate regions of the graft copolymer layer distributed across
the cotton surface, and therefore the capacity of the PEI network to undergo significant
reconstruction is reduced.
A series of coatings with decreasing DGE500 crosslinking density was prepared to
highlight the effect of crosslinking density on the surface reconstruction of PEI-PDMS85%
coatings in the presence of surfactant (Figure 3.11, Right). The use of a longer diglycidyl
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crosslinker (DGE500) significantly reduced the apparent reconstruction of PEI-g-PDMS coatings
across a wide range of crosslinker contents. The effect of reduced surface reconstruction on the
consecutive separation performance of PEI-g-PDMS coatings was tested for 10% hexadecane o/w
emulsions, again containing 0.50 mg mL-1 SDS as surfactant.
3.3.5 Optimized Coating Performance
It was determined that highly-crosslinked PEI-g-PDMS coatings were able to consistently
recover the vast majority of emulsified oil (94 ± 2% at a maximum and average flux of 53 ± 4 and
5 ± 1 L m-2 h-1, respectively. Maximum flux rates were calculated for the first 25% of recovered
oil); a plot of three consecutive separation trials is show below, in Figure 3.12.

Figure 3.12 Optimized separation performance of PEI-g-PDMS coatings crosslinked by DGE500.
The graft copolymer was synthesized using PEI of Mn 10 000 g mol-1 and contained 85% PDMS
by weight. The coating was applied via a 100 mg mL-1 copolymer solution in CHCl3, with a
crosslinker ratio of 2:1 amine to glycidyl units. Consecutive separations were performed with no
rinsing between trials on 10% hexadecane o/w emulsions containing 0.50 mg mL-1 SDS.
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The performance of highly crosslinked coatings was consistent over time, with no
discernable decrease in separation performance over consecutive separations of 20 mL emulsions.
For contrast, a coating containing 80% less crosslinker (ratio of 10:1 amine to glycidyl units)
experienced a significant decrease in consecutive separation performance, despite initially rapid
oil recovery (Figure 3.13).

Figure 3.13 Impact of crosslinker length on consecutive separation performance. Left: 1st
consecutive series of separations. Right: 2nd consecutive series of separations; fabric was rinsed
with deionized H2O (3x) and THF (3x) and air-dried overnight between consecutive series. The
graft copolymer was synthesized using PEI of Mn 10 000 g mol-1 and contained 85% PDMS by
weight. The coating was applied via a 100 mg mL-1 copolymer solution in CHCl3, with a
crosslinker ratio of 10:1 amine to glycidyl units, using DGE500.

In contrast to the more highly-crosslinked coating, oil flux decreased significantly over
consecutive separation trials. After each successive run the rate of oil permeation decreased.
While the first and second trials approached similar oil recovery volumes, the third trial appeared
to reach a lower maximum volume of recovered oil. In order to determine whether the loss in
separation performance was due to coating deterioration, the coated fabric was rinsed alternately
with H2O and THF (3x) to remove the adsorbed emulsion and dried overnight. A series of
consecutive separations was again performed; the separation performance was comparable to the
initial separation series, but the decrease in oil permeation rate across consecutive trials persisted.
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Interestingly, the 2nd and 3rd separations in a series appeared to demonstrate linear oil
recovery rates for a significant portion of their runtime. The relevant sections of their oil recovery
plots are shown below, in Figure 3.14.

Figure 3.14 Detail of Figure 3.13 showing linear oil flux across a lightly-crosslinked coating.

As can be seen above, the rate of oil recovery was remarkably consistent during the
recovery of ~1.2 mL of oil for each separation trial, in contrast to a typical separation trial (Figure
3.12) where an asymptotic decrease in oil recovery rate is observed. This behavior is thought to
be due to the inability of de-emulsified oil to permeate through the coated fabric at the same rate
as it is destabilized from the emulsion. This is supported by visual inspections of the separation
cell, in which a bubble of pure oil is formed on the emulsion side of the fabric. Gradual surface
reconstruction of the lightly-crosslinked coating may allow for a progressive increase in the
hydrophilic character of the inner layers of fabric over time, and the rate of oil permeation
diminishes as a result. After the majority of the oil is removed from the aqueous phase, the deemulsification rate would drop enough to again be the limiting factor in oil recovery. Thus, after
~70-75% of the oil is recovered the linear rate of oil recovery is lost, and the separation again
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asymptotically approaches a maximum volume of recovered oil. As the separation performance
of an oil/water filter should be as consistent as possible, these results are reported only as a
curiosity, to emphasize the impact of crosslinking on copolymer surface reconstruction and the
resulting separation performance.
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Chapter 4
Conclusions
4.1 Fabrication of Graft Copolymer- Coated Cotton Fabrics for SurfactantStabilised Emulsified Oil Recovery

This thesis presents the preparation of simplified graft copolymer coatings on cotton
fabrics and their use in the recovery of oil from oil-in-water, surfactant stabilized emulsions. The
graft copolymer system employed was PEI-g-PDMS, inspired by a block copolymer system
previously demonstrated for oil/water de-emulsification and separation.1 PEI-g-PDMS was
applied to the surface of cotton fabrics in CHCl3, alongside a di-epoxy terminated crosslinker.
Crosslinking between PEI chains produced a robust network of copolymer surrounding individual
cotton fibres, whose surface was selectively populated by PDMS (in air or when in contact with
oil) or PEI units (when in contact with aqueous solutions). Polar, partially charged PEI units
encouraged the aggregation of surfactant-stabilised oil droplets in o/w emulsions, while PDMS
units permitted the selective permeation of destabilized oil. The PEI/PDMS ratio, PEI chain
length, coating concentration and crosslinking degree were varied to optimize the deemulsification ability of coated cotton fabrics.
Fabrics coated with PEI-g-PDMS graft copolymers containing ≥ 33% PEI by weight were
unable to consistently retain aqueous emulsion solutions. Consistent emulsion retention was
achieved by graft copolymers containing a majority of PDMS, and coatings prepared to 85%
PDMS by weight on tight-weave cotton fabrics achieved the highest oil recovery volumes and
rates. Separation performance was highest from coatings obtained using 100 mg mL -1 copolymer
solution in CHCl3, likely due to the formation of a uniform thin coat of crosslinked PEI-g-PDMS.
Oil recovery was maximized by graft copolymers containing PEI of Mn = 10 000 g mol-1, and
highly-crosslinked PEI-g-PDMS coatings produced the most consistent, repeatable separation
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results. The optimized preparation of PEI-g-PDMS coated cotton fabrics produced filters that
demonstrated limited surface reconstruction capabilities in the presence of surfactant, and were
able to consistently recover 94 ± 2% of emulsified oil from o/w emulsions containing as low as
10% hexadecane by volume, stabilized by 0.50 mg mL-1 SDS as an anionic surfactant. The
maximum oil flux (during recovery of the first 25% of emulsified oil) was 53 ± 4 L m-2 h-1, and
the oil flux averaged over 2 h of separation (i.e. to 94 ± 2% oil recovery) was 5 ± 1 L m-2 h-1.

4.2 Significance of This Work
Membrane-based methods for oil/water separation have received significant interest due
to their potential as low-cost, reusable materials for the on-line treatment of oil-contaminated
waters. The facile, robust coating of stimuli-responsive PEI-g-PDMS copolymer developed in
this thesis may serve as wastewater remediation and oil recovery aids, or be used for preliminary
treatment of low-oil content waste streams.
This thesis has described a simple graft copolymer coating that can be applied to cotton
fabrics to selectively destabilize and recover oil from surfactant-stabilised oil-in-water emulsions.
PEI units would preferentially extend into aqueous solution and encourage the aggregation of oil
droplets, while PDMS units would permit the selective recovery of destabilized oil. Coated cotton
fabrics were used to separate hexadecane-in-water emulsions stabilized by SDS and consistently
demonstrated high oil flux and recovery when sufficiently crosslinked.

4.3 Future Work
For further study of aqueous phase penetration into bifunctional hydrophobic/hydrophilic
coatings, a water-soluble indicator possessing a characteristic element (Br, Cl, K) might be used
in the emulsion formulation. Provided the solubility of the indicator in oil is low, the penetration
of the aqueous emulsion phase into the coated fabric might be depth profiled using SEM-EDX on
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cross-sectioned samples. A similar approach might be employed for the surfactant used, to
determine the degree to which it is adsorbed/retained within the coated fabrics.
To improve the water resistance of lower PDMS-content coatings, a partially ethoxylated
PEI might be employed. The capping of some fraction of primary and secondary amines with
ethoxy groups leads to a less-charged structure and lower hydrophilicity. Preliminary trials might
assess the de-emulsification capabilities of such a polymer relative to pure PEI to determine its’
suitability for use in functional coatings of this type.
Complete de-emulsification was not achieved; optical microscopy indicates that the
remaining oil is largely present within ~5-10 μm diameter droplets. The mechanism of deemulsification and recovery might be further explored using o/w emulsions of varying droplet
sizes at low polydispersity, for example those prepared by high-speed homogenization.82
Further analysis of the separation performance of bifunctional hydrophilic/hydrophobic
coatings of this type may employ industrial wastewaters or process waters as model emulsion
solutions to examine the effect of miscellaneous aqueous contaminants (i.e. not only surfactants)
and varying oil species/concentrations on the repeatable performance of coated fabrics. The
adsorption or retention of aqueous species on fabric surfaces might be examined, and the
crosslinked coatings could be subjected to various rinsing/decontaminating procedures to
determine their durability and the dynamic recovery of the aforementioned surface properties
over time.
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Appendix A
Estimation of Cotton Fabric Surface Area and PEI-g-PDMS Coating
Density
The surface area of the tight-weave cotton fabric used in this study was estimated using a
previously reported method,111 using measurements of the thread and fibre diameters as well as
the weave density. The warp and weft thread diameters (dr and df) were 174 ± 8 and 191 ± 13 μm,
respectively. The average diameter of a fibre d0 was 15 ± 3 μm. We assumed the cross-section of
each individual fibre was circular. Threads were densely packed within the fabric weave; the
thickness of the woven fabric was 180 ± 11 μm, approximately the same as the width of either a
warp or weft thread. The average ‘thickness’ of each thread (Dr’ and Df’) should thus be
approximately half of their major diameter as measured across the face of the fabric (86 ± 8 and
96 ± 13 μm for warp and weft threads, respectively). If the densely-packed threads are treated as
rectangular and assuming hexagonal packing of fibres within threads (at 90% packing density),
the number of fibres Nr in a warp thread is:
𝑁𝑟 =

𝑑𝑟 × 𝑑𝑟′
× 90% = 63
𝑑02

Similarly, the number Nf of fibres per weft thread was 73. Since the number of warp and
weft threads per square centimetre were 49 and 45, respectively, the total number of fibres per
square centimetre was,
𝑁0 = 63 × 49 + 73 × 45 = 6372
Assuming a cylindrical cross-section for the fibres, the total fibre surface area per square
centimetre of fabric is
𝑆 = 6372 × 𝜋𝑑0 = 300 𝑐𝑚2
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Since the weight of each square centimetre of fabric is 13.3 mg, the specific surface area of the
cotton fabric was 2.25 m2 g-1.
The density of PEI10k, PDMS5k and DGE (202 and 500 g mol-1) are 0.97, 1.03, and 1.1 g
cm-3, respectively. Assuming the initial crosslinker-copolymer ratio (100 mg copolymer to 5 mg
crosslinker) is preserved in the final coating, the overall density should be
𝜌=

85 𝑚𝑔 × 0.97 𝑔 𝑐𝑚−3 + 15 𝑚𝑔 × 1.03 𝑔 𝑐𝑚−3 + 5 𝑚𝑔 × 1.1 𝑔 𝑐𝑚−3
= 0.98 𝑔 𝑐𝑚−3
105 𝑚𝑔
A fabric swatch weighing 60.146 mg (~4.5 cm2) coated with PEI10k-g-PDMS85%

increased in mass by 4.5% after the application and crosslinking of copolymer (2.55 mg). The
coated fabric swatch bears 0.57 mg of polymer per cm2 of fabric. The thickness h of this layer can
be calculated as
ℎ = 5.7 × 10−4 𝑔 ÷ (0.98 𝑔 𝑐𝑚−3 × 300 𝑐𝑚2 ) = 1.9 × 10−6 𝑐𝑚
Thus, the estimated thickness of the grafted PEI-g-PDMS layer was 19.4 nm.
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Appendix B
Estimation of PEI-PDMS Grafting Degree by SEC
The graft copolymers prepared in this work covered a broad range of PEI/PDMS weight
ratios (Table 1). As discussed in Section 2.1 (Preparation of PEI-g-PDMS Graft Copolymers),
SEC was used to follow the progression of the PDMS to PEI grafting reaction. Reactions for high
PDMS-content copolymers using low molecular weight PEI (Mn = 600, 1 800 g mol-1) were run
until the PDMS peak at 25.7 min. elution time essentially disappeared (Figure A 1).

Figure A 1 Free PDMS content in initial reaction mixture and after 72 h grafting time. The
reaction solution contained 0.34 g PEI600 and 3.17 g PDMS for a final graft copolymer
composition of PEI600-g-PDMS90%.
However, graft copolymers containing high molecular weight PEI (Mn = 10 000 g mol-1) could
not achieve complete PDMS grafting to the PEI backbone. This is likely due to the increasing
steric bulk of successfully grafted PDMS units over time. In order to drive the reaction to a
suitable degree of completion, an excess of PDMS was used to achieve the desired PEI/PDMS
grafting ratio. The peak areas obtained by SEC were normalized relative to the initial free PDMS
content to yield the percentage of unreacted PDMS present in the reaction solution at a given
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time. Figure A 2 shows the chromatogram evolution of a reaction mixture containing 90.3%
PDMS by weight and PEI10k as the copolymer backbone.

Figure A 2 Free PDMS content in initial reaction mixture and after 129 h grafting time. The
reaction solution contained 0.34 g PEI10 000 and 3.17 g PDMS.
The percentage of grafted PDMS units was calculated to be 58.7%, corresponding to a
final graft copolymer composition of 84.6% PDMS, assuming all PEI units participated in
grafting. The quantity of copolymer solution used to coat cotton fabrics was adjusted to account
for the mass of ungrafted PDMS remaining in the reaction solution.
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