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Abstract

Water purification by polymeric membranes has been abundantly applied to
address global challenges of water scarcity and pollution of aquatic environments.
Polymeric membranes are excellent candidates for low cost and energy-efficient
high-quality water purification process. However, progress in polymeric membranes
has been constrained due to their fouling propensity during the filtration process. It
is anticipated that next-generation membranes will be highly selective and fouling-
resistant. These two parameters can be controlled by three surface parameters, i.e.,
wettability, roughness, and surface charge due to surface functional groups. Given
that, the development of novel materials and proper surface modification approaches
are imperative to substantially advance the water purification technology. Thus,
proper characterization and tuning of the surface properties are paramount to develop
novel material for next-generation membrane.

This work aims at developing novel methodologies to study the membrane
surface physicochemical properties through wettability analysis at room and elevated
temperature. It is worth noting that techniques to measure the physicochemical
properties at the interfacial region with high sensitivity are significantly limited,
considering the number of new materials being developed. Such measurement and
characterization techniques include contact angle (6), X-ray photoelectron
spectroscopy (XPS), and Atomic force microscopy (AFM). Each of these available
techniques provides information about the constitution of a layer of different
thicknesses at the polymer surface, which is known as interphase. For example, “6-
interphase” may refer to the outer ~1 nm of a solid surface that contributed to the
surface wettability. Likewise, the "XPS interphase" may refer to the outer ~10 nm of
a solid surface, which is accessible to the XPS measurement technique. In some
cases, surface functional group does not influence wetting as it remains outside of

the f-interphase and thus nevertheless accessible to reagents in solution. The portion
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of the solid where these types of interfacial interactions are possible can be referred
to as the "sub- @ interphase". This interphase is less well-defined than those
associated with the available characterization techniques. A detailed understanding
of the solid-liquid interfacial interactions at the "sub- 6 interphase" can be useful in
evaluating the permeation properties of membranes such as selectivity and rate of
fouling.

The initial phase of this thesis will study how the wettability analysis
determines the physical and chemical heterogeneity. Theoretical frameworks have
been developed to predict the physical and chemical heterogeneity based on the
quantification of interfacial energy. This further provides useful insights on the
membrane permeation properties, e.g., perm-selectivity, and rate of fouling. AFM
and streaming potential methods were also employed to compare the obtained results
from the wettability analysis. Our experimental results reveal that the wettability
method can provide fast and appropriate understandings on the effects of physical
and chemical heterogeneity over membrane permeation properties. The second phase
of the study is focused on the surface adaptation and responsive behavior due to the
change of the surrounding medium. Many polymeric surfaces reversibly change their
properties due to the contact and molecular interaction with another liquid. The
developed theoretical framework can predict the experimental observation of solid-
liquid-liquid wettability within +~15% deviation. The experimental data reveal that
solid surface tension cannot be an intrinsic property which may alter due to the
change of the surrounding liquid. Finally, the role of the surrounding medium
temperature over the solid surface tension has been studied systematically. The
outcome of this study reveals that surface tension of the polymeric surfaces alters
due to the increase of surrounding medium temperature. This alteration becomes
significant if all the three phases (solid-liquid-liquid) exhibit some polarity.

Overall, the specific goal of this research is to provide a detailed insight
regarding the effect of membrane surface heterogeneity in air and aqueous media on
membrane wettability, and its subsequent impacts on membrane performance. This

work further provides a novel methodology for fast and accurate characterization of

il



polymeric membranes by wettability analysis. The outcome of the present research
can also be readily extended to many other related engineering processes. With the
relationship between interfacial energy and permeation properties, this work paves
the way for designing novel materials with desired transport properties for the

efficient separation process.
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Chapter 1

Introduction

"The material of this chapter has been prepared for submission as Md Farhad Ismail, Behnam
Khorshidi, and Mohtada Sadrzadeh. Characterization of membrane surface and permeation
properties by contact angle measurements: quantification strategies and applications.

Advances in Colloid and Interface Science, 2020.
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1.1 Water demand and membrane technology

The dwindling supply of clean freshwater is one of the world’s most severe
problems, aggravated by the increased population and contamination of the limited
water resources [ 1,2]. With the growing demand for more pure water, it has become
essential to develop innovative water treatment technologies or to improve the
existing techniques. Conventional water purification techniques, e.g., thermal
distillation (TD) and multi-stage flash, rely on the natural water cycle of evaporation
and condensation to produce water with very low salt concentration. Membrane
separation processes have become a viable alternative to these conventional methods
primarily due to their lower energy consumption, more compact design, simpler
operation procedures, and comparable treated water quality [3,4]. Figure 1.1a
compares the global capacity of high-quality water production processes [5,6]. As
can be observed, water purification by membrane process (reverse osmosis) is the
leading technology for high-quality water production.

Membranes are semipermeable barriers, which moderate the transport of
various species selectively. The driving force for transportation can be pressure (e.g.,
reverse 0osmosis), concentration (e.g., gas separation), temperature (e.g., membrane
distillation), and electric potential (e.g., electrodialysis). Pressure driven membrane
separation units, widely used to produce high-quality water globally, can be divided
into four major classes based on the ability of different sized particle rejection [4],
such as Microfiltration (MF) a minimum of ~100 nm, ultrafiltration (UF) a minimum
of ~1 nm, nanofiltration (NF) a minimum of ~0.5 nm and reverse osmosis (RO) a
minimum of ~0.1 nm. Nanofiltration and reverse osmosis membranes are considered
as the non-porous dense TFC membrane among these classifications. The invention
of the TFC membrane provided the opportunity to reduce the thickness of the NF/RO
membranes down to nanoscale (<300 nm). The separation process by membranes is
essentially a surface phenomenon. An ideal TFC membrane should have high and

stable permeability, high selectivity, and low fouling [7-9]. However, the next-



generation membrane materials will focus on high selectivity and fouling propensity
at a constant permeation rate [10]. Fouling is generally caused by the non-specific
interaction of foulants and membrane surface which includes hydrogen bonding, van

der Waals, hydrophobic, and electrostatic interactions [11].

1.2 Membrane characterization and next-generation

membrane materials

One can overcome the limitation of the membrane processes by introducing
novel interfacial materials with special wettability [9,12,13]. Notwithstanding,
accurate characterization of a membrane is important to understand the underlying
science for ensuring high separation efficiency, anti-fouling properties, and the
applicability of the fabricated membrane. It is generally accepted that membranes
with lower roughness and high water wettability characteristics (with contact angle
less than 45°) are less susceptible to fouling [14—16]. The surface properties of
membranes are characterized by quantifying the surface wettability (contact angle
measurement), surface topography and morphology (atomic force and scanning
electron microscopy), surface chemistry (X-ray photoelectron spectroscopy and
Fourier transform infrared), and surface charge (zeta potential measurement).
Contact angle measurement is widely used for membrane characterization and can
be considered as a first simple step to quantify the membrane surface properties, such
as surface wettability, surface tension (and surface free energy), hydrophilicity [17].
Generally, to determine the surface hydrophilicity, in addition to contact angle
measurements, it is required to measure surface roughness, and surface tension (free
energy) of the material, while only ~1% of the membrane literature measured all the
three parameters (Figure 1.1b).

Furthermore, one can relate the surface charge and functional groups to the
membrane surface tension parameters, which are responsible for altering the surface

hydrophilicity. Only a single analytical parameter, i.e., the contact angle can give a



wide variety of useful information. Interestingly, our recent literature survey on the
surface properties of TFC membranes (Table Al.1) indicates a wide variation of
contact angle data of the same membrane surface. This indicates that measurement
technique, measurement accuracy, and data reproducibility should be ensured for
contact angle analysis.

It is worth noting that each of the analytical techniques provides a varying
degree of information at different depths of the surfaces [18,19]. This depth can be
referred to as ‘interphase depth’ based on the analytical technique. For example, we
can define -interphase (for contact angle measurement), XPS-interphase (for X-ray
photoelectron spectroscopy), and so forth (Figure 1.1¢). However, surface functional
groups remain at different depth of the surface; in some cases remain so deep that
there would not be any influence over the interfacial interactions [18]. Ferguson et
al. [18] referred the portion of the solid as sub-@ interphase where interfacial
interaction would happen. This sub-6 interphase is not well defined with respect to
the ‘interphase depth’ of the available analytical techniques. Permeability, pore
structure, and liquid-solid interactions are the three decisive factors to approximate

this.



Figure 1.1d depicts a brief overview of the thin-film composite membrane’s
surface properties. Recent studies over membrane surfaces indicate that the contact
angle measurement can be a useful tool to directly quantify not only the surface
physical-chemical properties but also can be a powerful tool to analyze the
membrane performance parameters [15,20-23]. Off late, several review articles were
published on the surface characterization techniques of water treatment polymeric
membranes [19,24-30]. These reviews mostly focused on either generalized
characterization techniques without detailed illustration. For instance, it is proven
that membrane surfaces exhibit fractal characteristics [15,31], with a variety of
irregular, rough and fragmented structures. A specific procedure is, therefore,
required to determine both the wettability and roughness of such fractal surfaces.
Furthermore, surface charge and functional groups are also related parameters with
the hydrophilicity, which can also be accessed through contact angle measurement
[21,32-36]. Thus, a comprehensive illustration is still required to elucidate the wide
range of parameters obtained from contact angle measurements of polymeric
membranes and employ them towards novel material development for the efficient
separation process. This chapter will highlight different techniques to measure the
contact angle of the membrane surface with a focus on accurate characterization and

consistency of the results.

1.3 Methods for measuring the contact angle of

membrane surfaces

Surface wettability, often characterized by contact angle measurement
techniques, is believed to have a direct impact on membrane performance
parameters. TFC non-porous membranes generally consist of three layers: a top thin
selective layer, porous interlayer support, and base support layer[14]. The support
layer provides mechanical stability to the membrane structure to operate under high

pressure while the top selective layer plays a vital role in the separation process.



Hence, various surface modification approaches over the top selective layer have
been carried out to tune the membrane surface properties [37,38]. Thus, proper and
accurate characterization of the surface physical-chemical properties is crucial to
understand the outcome of surface modification as well as the development of novel
material. This section will focus on the contact angle measurement techniques of
ideal, and real surfaces applied for membrane surface characterization.

In general, three different techniques have been employed to measure the
contact angle of polymeric membranes, i.e., sessile drop, captive bubble, and
Wilhelmy plate method [39,40]. Sessile drop and captive bubble measurement
techniques (Figure 1.2a) are based on optical analysis of the drop/bubble over the
surface, and the Wilhelmy plate method (Figure 1.2b) is based on the force balance
due to contact of the surface with the liquid [39]. The sessile drop technique can be
applied to both dry (e.g., in the air) and wet (e.g., under liquid) samples [41], while
the captive bubble technique is only limited to measuring the contact angle only for
wet surfaces. The Wilhelmy plate method is used to measure surface tension at an
air-liquid or liquid-liquid interface and is only applicable for surfaces that have
similar composition and morphology on both sides of the surface [42]. Roux et al.
[43] first measured the contact angle of polymeric membrane surfaces using the
Wilhelmy plate method. Due to the complexity of the experimental procedure and
sample preparation, this method is not utilized widely to determine the membrane
contact angle. Zhang et al. [44] conducted a comparative wettability study of
ultrafiltration membranes using the sessile drop and captive bubble techniques. They
observed different contact angles from these two different measurement techniques
for the same sample. They reported that surface reconstruction due to under-liquid
measurement is one of the probable reasons for this discrepancy. Baek et al. [45]
conducted a comparative study of contact angle measurements over the TFC
membranes. They observed more reliable and reproducible results from the captive
bubble technique as compared to the sessile drop one. However, the straightforward
nature of the sessile drop technique along with advantages, such as the capability to

investigate liquid drop spreading and impact, phase change (e.g., evaporation and



solidification), surface heterogeneity, and liquid sliding angle for wetting cases (0 <
90°) and roll-off angle for non-wetting cases (68 > 90°), made this method the most
popular one to analyze the wettability of membranes [42]. In the present study, we
will mainly focus on the contact angle measurements using the sessile drop
technique.

From the contact angle measurement, three different data can be obtained:
static, advancing, and receding contact angle. Static contact angle (€.) is the angle
obtained over a smooth, rigid, and chemically homogeneous surface. This contact
angle is also known as static equilibrium or Young contact angle (6y). In equilibrium,
the contact angle between the liquid and the ideal solid surface (i.e., atomically
smooth, chemically homogeneous, nonreactive, and rigid) can be defined using

Young’s equation (Figure 1.2¢) [46]:

cos By = Ysv — V.S‘L, (1.1)

Yiv

where, ysy(or ¥s), Yy (v1) and yg; are the solid-vapor, liquid-vapor, and
solid-liquid interfacial tension, respectively. Eq. 1.1 indicates that an ideal solid
surface with high surface tension tends to show a low contact angle and vice versa.
The highest contact angle observed over a surface due to the increment of drop
volume is known as advancing contact angle (6.s). In contrast, the lowest contact
angle observed over a surface due to the decrement of drop volume is known as the
receding contact angle (6.). Both of these two contact angles also represent
equilibrium states at two different metastable conditions. These three contact angle
values should be the same for an ideal case scenario, although in reality, it hardly
occurs. In reality, membrane surfaces have physical (e.g., roughness), and chemical
(e.g., functional groups) heterogeneity. The contact angle over a real surface can be
considered as an apparent contact angle (6,,) (also known as macroscopic contact
angle). Thus, the contact angle obtained from different techniques over membrane
surfaces is actually apparent contact angle (bottom panel of Figure 1.2¢). However,

for determining the wettability related parameters such as surface free energy, and



hydrophilicity, it is required to measure the equilibrium contact angle from the
observed apparent contact angle. To account for the effect of different heterogeneity,
two theories, namely Wenzel equation [47,48] (for physical heterogeneity), and
Cassie-Baxter equation [49,50] (for chemical heterogeneity) are commonly utilized.
A detailed description of these two equations will be discussed in the next section.
The next step to determine the equilibrium contact angle is to measure the
surface roughness factor (), which is also known as the Wenzel roughness factor.
This parameter is related to the surface area difference due to the roughness and
generally characterized by the atomic force microscopy (AFM) technique [51,52].
Polymeric membrane surfaces exhibit average nanoscale roughness, mostly between
10 nm to more than 200 nm. It is believed that a root mean squared (RMS, will be
discussed later) roughness of less than ~80 nm does not influence the wettability and
thus, this value can be considered as the transition between smooth and rough surface
[53]. However, a recent study [15] indicates that for a membrane surface this limit
should be ~50 nm. Thus, the surface roughness factor (r) plays a vital role in
determining the equilibrium contact angle. There are different ways to measure the
surface roughness factor such as optical profilometry, and atomic force microscopy
(AFM) [52,54-56]. However, the AFM measurement technique provides better
accuracy for the surfaces having nanoscale roughness [55,56]. The Wenzel

roughness factor (7) from the AFM analysis can be obtained using Eq. 1.2 [57] :

N-1\yvM-1
Yj=1 Zi=1 Aij

TAFM = (M —1)(N — 1) AxAy

x 100% (1.2)

where, M is the number of points per sampling profile, N is the number of
sampling profile, 4; is the actual surface area, and AxAy is the geometric cross-
sectional area.

However, the accuracy and reliability of the AFM measurement largely
depend on the scan size, scan mode, and scan speed [15,58,59]. AFM provides three
significant modes of measurement: contact mode, non-contact mode, and tapping

mode (Figure 1.3). Contact mode operates in the repulsive interaction regime



(constant force/height between the sample and the probe), non-contact mode operates
in the attractive regime (based on intermolecular forces), and tapping mode operates
in both regimes while maintaining lower interactions with the surface (Figure 1.3).
Tapping and non-contact modes demonstrate the surface topography to a greater
extent compared to the contact mode. Moreover, the operation in contact mode may
damage the sample surface due to the lateral dragging interactions between the probe
tip and surface [60]. Tapping mode response time is more than three times faster than
the contact mode due to their variation of resonance frequency [58]. Though many
researchers utilized different modes, however, the tapping mode measurement is
recommended due to a wide range of advantages, e.g., better response time
[28,58,60,61].

Given the above discussion, the accurate determination of the surface
roughness is equally essential to determine the wettability of any physically
heterogeneous surface. Surface roughness is the variation of the height along the
surface, which can be uniform patterns or random ridge and valley structures. This
variation is generally quantified by average roughness (Ra), and the root mean
squared (RMS) surface roughness (Rq) [28,62,63]. Average roughness is the mean
height variation due to the heterogeneity, and RMS roughness is the standard
deviation of the height variation. It is to be noted that these two commonly used
parameters extracted from AFM do not always provide the anisotropy in the
topography or the distance between the features on the surface. For example, surfaces
with different morphologies may have the same magnitude of RMS through their
response with regards to tribology, or adhesion will be different (Figure 1.4a,b).
However, in the case of randomly distributed heterogeneous surfaces, such as TFC
membranes, the roughness parameters also change in a lateral direction, i.e., AFM
scan size-dependent [15,31]. These types of characteristics are commonly observed
in fractal surfaces. Fractal surfaces display different topography up to a specific
magnification level (self-affinity) and after that, show self-similar characteristics
(Figure 1.4¢,d). So, for membrane surfaces, in addition to surface roughness, which

measures the vertical distribution of heterogeneity, it is worth evaluating the lateral



distribution of the irregularities. In this context, it is necessary to distinguish between
self-affine and self-similar fractal surfaces. The former exhibits invariant surface
features at different spots, while the latter shows surface structures that vary over the
translation and scaling [64]. The roughness parameters of these types of surfaces

follow a power-law relationship as follows [31,65]
R = AL37Pr (1.3)

where, R is the roughness related parameter such as RMS roughness, L is the AFM
scan size, and Dris the fractal dimension.

There are different methods to determine the fractal dimension Dy, such as
the slope (m) of power spectral density (PSD) plot of the height variation [65]. The
relationship between the fractal dimension and slope of the plot is given by as
follows: D=3+0.5xm. Tsujii et al. [66,67] reported that this fractal dimension (Dy) is

L

Df -2
directly related to the roughness factor 7fyqcrqr = (7) , Where ‘L’ is the upper

(maximum), and ‘/’ is the lower (minimum) length scale of the heterogeneity
observed on the fractal surface. More detail description on this topic will be described

in the next chapter.

1.4 Scope and objectives

The immense potential of incorporating the interfacial materials with special
wettability in the membrane-based separation process prompts the necessity for an
in-depth understanding of the underlying science that governs the membrane
separation process. More specifically, the ability to tailor surface wettability is now
a key challenge to develop novel membrane materials in real-world applications
[10,13,14,68]. The primary goal to incorporate novel materials with special
wettability in the membrane process is to increase the hydrophilicity with reduced
heterogeneity. Thus in an effort to fundamentally understand the permeation

properties of the membrane materials, several attempts have been carried out to
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incorporate new characterization techniques for evaluating the wettability related
parameters [20-22,69—75]. However, a comprehensive effort is still required to
bridge the gap between theoretical assumptions and experimental applications. For
example, the fractal behavior [31] and under-liquid wettability adaptation [76,77] of
polymeric membrane surfaces still require special attention. Based on the
comprehensive literature review provided in Chapter 2 on analysis of membrane
surface properties, several specific questions yet to be answered are:

(a) How does the membrane heterogeneity (e.g., roughness) affect the
wettability and surface tension?

(b) What are the effects of surface polarity on underwater membrane
wettability?

(c) How do feed water and environmental conditions (e.g., temperature)

affect the membrane wettability and anti-fouling property?

Given that, the main objectives of this thesis that defines the scope of the work are

as follows:

1. Probe the nanoscale heterogeneity of membrane surface by contact
angle analyzer and its impact on the membrane surface tension and
fouling propensity.

2. Develop a theoretical framework and experimental validation of the
model to correlate under-liquid adaptive wetting of the membrane
surface.

3. Quantify the interfacial interaction in harsh environmental conditions,

e.g., at elevated temperatures. The developed theoretical framework
will be applied to investigate the surface wettability adaptation at

elevated temperatures.
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1.5 Thesis Structure

Chapter 1 introduces the advantages and limitations of membrane
technology, the importance of membrane characterization for novel material
development to improve the limitation, usefulness of contact angle to understand the
membrane surface properties and performance analysis. The scope and objectives of
this thesis are also presented.

Chapter 2 presents a detailed literature review on the quantification of
membrane surface properties and evaluating the permeation properties using contact
angle analyzer.

Chapter 3 demonstrates the theoretical and experimental approach to probe
the membrane nanoscale heterogeneity, which includes determination of surface
roughness and surface charge distribution using contact angle analyzer. A detailed
comparison with the other available analytical techniques such as atomic force
microscopy (AFM) and streaming potential analyzer are also provided.

Chapter 4 illustrates the approach to evaluate under-liquid wettability
adaptation of a solid surface, which is essential for assessing the membrane surface
properties under real environmental conditions.

Chapter 5 investigates the impact of surrounding medium temperature over
membrane wettability. The developed theoretical framework and experimental
technique are applied to characterize the stability of membrane surfaces in harsh
environmental conditions such as an elevated temperature up to 90 °C.

Chapter 6 summarizes the significant findings and major conclusions of this

thesis. The suggestions for future work are also provided.

12



1.6 Thesis Contributions

This work provided the first feasible methodologies to quantify all the three
membrane influential surface properties, i.e., surface tension, roughness, and surface
charge in complex and harsh environmental conditions using only one single
analytical parameter, e.g., contact angle. The proposed nanoscale characterization
technique indicates the fractal behavior of membrane surfaces. The outcome of the
contact angle characterization technique suggests that conventional AFM
measurement requires special types of assessment to quantify the surface
heterogeneity of the fractal surfaces. Furthermore, surface charge and surface
potential are also quantified using the contact angle analyzer. It is worth noting that
reducing the degree of surface charge heterogeneity is important to synthesize new
materials for anti-fouling membranes. The contact angle characterization technique
provides the information on local surface charge distribution, whereas conventional
streaming potential technique indicates the average surface charge density and
surface potential over the sample surface.

Polymeric membrane surfaces exhibit wettability adaptation due to the
change of surrounding medium conditions. The current in-air wettability
characterization technique is inadequate to understand the membrane surface
properties for underwater application. Underwater super-oleophobic and anti-fouling
membranes require specific interfacial interaction to withstand harsh environmental
conditions. Experimental validation of the proposed theoretical framework for the
under-liquid characterization confirms the influence of surrounding medium over the
surface wettability. The novel under-liquid characterization technique can provide
the dispersive, polar, and acid-base surface tension parameters, which play a crucial
role in foulant-surface interfacial interaction. High-temperature membrane
separation processes are advantageous for the membrane-based water treatment due
to their increased water wettability and fouling resistivity. However, the thermal
stability of the polymeric membranes is a severe concern in this regard. Present

research work also provides the theoretical framework to characterize the polymeric
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surfaces at an elevated temperature. This also provides a novel pathway to evaluate
the permeation properties and thermal stability of the membrane surfaces at elevated

temperatures.
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Figure 1.1: Overview of the water treatment processes and membrane characterization
parameters. (a) Global scenario of high-quality water production capacity by different
processes [6]. Here, RO: reverse osmosis, TD: thermal distillation, ED: electrodialysis.
(b) A statistical overview of the characterization of hydrophilicity of TFC membranes
from the Scopus literature search (conducted in August 2019). Here, HP: Hydrophilicity,
CA: Contact angle, R: Roughness, SFT: surface tension. (¢) The sensitivity of the different
membrane characterization techniques [18,19]. (d) Surface properties of TFC membranes
[14,78]. The zeta potential is shown for a pH of 7. Here, CA: contact angle, Ravg: average

surface roughness, ZP: zeta potential, IEP: iso-electric point.
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Figure 1.2: Various methods to determine the contact angle of the membrane surface. (a)
Static, advancing, and receding contact angle measurements to characterize the wettability
with the sessile drop on the dry sample (top panel) and the captive bubble technique on a
thoroughly wet sample (bottom panel) [79]. (b) Wilhelmy technique is used a thin
rectangular plate of the sample to measure the contact angle. The force (F) acting on the
plate due to wetting and the wetted perimeter (2d+2w) are then utilized to determine the
contact angle [40]. (c) The contact angle (6y) on a smooth surface (top panel) alters to the
apparent contact angle (6,,) due to surface roughness (bottom panel). The factors of

physical heterogeneity affecting the wettability is known as Wenzel roughness factor ().
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Figure 1.3: Membrane surface topography characterization by AFM with different
scanning modes. Contact mode operates only in the repulsive zone, non-contact mode
operates in an attractive zone, but tapping mode operates both in the repulsive and

attractive zone [28,61].
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Figure 1.4: Effects of anisotropic height variation and scan size over the AFM
measurements. AFM images of two polymeric surfaces with different topography but
similar RMS roughness, (a) 38.5 nm, and (b) 36.1 nm [60]. Fractal surfaces such as the
XLE RO membrane exhibits roughness dependent on scan size, (c) 5 um, and (d) 30 um

[15]. A scan size of 5 um provides r4py = 1.45, and 10 um scan size provides 1ypy =
1.16.
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Chapter 2 *

Literature Review: Membrane
Characterization by Contact

Angle Analyzer

* The material of this chapter has been prepared for submission as Md Farhad Ismail,
Behnam Khorshidi, and Mohtada Sadrzadeh. Characterization of membrane surface and
permeation properties by contact angle measurements: quantification strategies and
applications. Advances in Colloid and Interface Science, 2020.
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2.1 Characterization of membrane surface properties

using contact angle

2.1.1 Characterization of surface wettability

9% ¢

The terms “wettability”, “hydrophilicity” and ‘‘hydrophobicity’’ have been
widely used in the membrane science community and are commonly used to describe
the spreading behavior of liquids over a solid membrane surface. Wettability defines
the spreading behavior of any liquid over a surface, while the terms hydrophilicity
and hydrophobicity refer to the affinity and repellency of surface towards the water,
respectively. In most of the membrane literature studies (refer to Table Al.1) the
terms “hydrophilicity” and ‘‘hydrophobicity’’ are defined only based on the three-
phase contact angle (0), determined by observing the spreading of a water droplet
over the membrane surface, i.e., 0 < 90° (partial and complete wetting) for a
hydrophilic case and 6 > 90° (partial and complete non-wetting). However, this
simple interpretation of contact angle data in terms of hydrophilicity/phobicity is not
complete as the contact angle is the combined effect of liquid affinity towards the
surface, as well as the surface physicochemical heterogeneity [47,80]. Wettability
measurement through contact angle includes two significant steps, as discussed in
the previous study [42,81,82], (i) measurement of apparent contact angle, and (ii)
measurement of surface roughness. Two more essential parameters control the
wettability of a surface: the rate and extent of wetting [40]. The rate of wetting
specifies how fast a liquid can spread over the surface, which depends on several
factors, e.g., capillary force, liquid viscosity, thermal/chemical condition of the
system. The extent of wetting is described by the so-called contact angle formed at
the three-phase meeting line and the plane of a solid surface where liquid resides or

moves [83].
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In many cases, the single magnitude of the static contact angle fails to provide
the required information about solid-liquid interaction [42]. The Young’s
equilibrium contact angle corresponds to the lowest state of the energy for the
system. However, due to heterogeneity, there exist several metastable energy levels,
e.g., the highest metastable energy level corresponds to an advancing contact angle,
and the lowest one corresponds to a receding contact angle. Nevertheless, most of
the reported contact angles in the literature are the static contact angles [81], i.e.,
determined from the stationary three-phase contact line. The static contact angle
corresponds to any metastable energy level in between the advancing and receding
ones, and thus it is not necessarily reproducible. Hence, the static contact angle
becomes meaningless and unreliable if the advancing and receding contact angles
are not mentioned [83]. A systematic approach to determine the most stable contact
angle is to apply external energy (e.g., vibrations) to overcome the intermediate meta-
stable state [84]. However, this technique is currently unavailable in commercially
available devices [42]. A common method to obtain reproducible results is to
determine the advancing and receding contact angles measured respectively by
increasing and decreasing the drop volume over the sample surfaces. The most stable
contact angle can be approximated by a proper average between the advancing and
receding contact angles [84]. The difference between advancing and receding contact
angles is contact angle hysteresis (A8) [39], which also gives useful insights not only
about the surface chemical and/or physical inhomogeneities but also membrane
performance parameters. The usefulness of contact angle hysteresis to determine the

membrane performance parameters will be discussed in the next section.

2.1.2 Characterization of surface tension and hydrophilicity

Surface tension is an important parameter to elucidate the interfacial
interaction of a solid surface with another material, e.g., hydrophilicity,
oleophobicity. It can be considered the intrinsic property of a material at a given

condition. Generally, for solids this term can be expressed as surface free energy,
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and for liquids this term is widely used as interfacial tension. In this review paper, in

general, we consider all these parameters as surface tension.

Surface hydrophilicity can be quantified by two parameters: solid surface free
energy of cohesion and solid-water free energy of adhesion. Dupré et al. [85]
introduced the concept of free energy of cohesion (AGS?™) and adhesion (AGf;d) in
terms of the surface tension (y;) of any condensed-phase material (e.g., solid or
liquid). They stated that the free energy of cohesion and adhesion can be expressed
as follows: AGSP" = —2y;, AG‘iljd = ¥ij — Yi — ¥j » Where i and j refer to the phase
of two dissimilar materials (e.g., solid/liquid). By combining the Young and Dupré
equations we can obtain the Young-Dupré equation of adhesion: AGfs-d =
—y.(1 + cos 9).

In the case of liquid materials, a pendant drop approach is a widely applied
method to determine the surface tension (details of the liquid surface tension
measurement technique can be found elsewhere [40,86]). However, in the case of
solid materials, the surface tension cannot be determined directly. Instead, it is
determined by the types of molecular interaction of different liquids with the solid
surface. Fowkes proposed [87-89] the surface tension of any condensed phase
material (solid/liquid) i1s the sum of components resulting from various
intermolecular interaction, e.g., y; = Zyij , where j represents specific molecular
interactions such as dispersion, polar/acid-base, and hydrogen bonding. Owens and
Wendt [90] specified this interaction in terms of dispersion and hydrogen-bonding
components. Rabel [91] and Kaelbe [92] also stated a similar expression for the
surface tension calculation, i.e., dispersion (y;) and polar components (y;). They

also stated that the surface tension between two condensed phase materials, e.g., a
solid (ys) and a liquid (y,), can be expressed as: yg, = ys+yL — 24/¥2yP —

2,/¥£fyF. This expression is known as the OWRK method of determining the surface

tension of any condensed phase material. By combining this method with Young and

Dupré et al. expression we can obtain, y; (1 + cos 6) = 2/¥y2yP + 2/¥Ev!.
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van Oss et al. [93-99] extended the surface tension concept and introduced
long-range Lifshitz-van der Waals (y/") and short-range acid-base interaction (y{'5)
components, i.e., y; = ¥ + yf and AG%d = AGiLJW + AG{}B . They stated that the
Lifshitz-van der Waals component includes the sum of the dispersion, dipole-dipole,
and induced dipole-dipole interactions. On the contrary, the acid-base component
includes the interaction of electron acceptor (Lewis acid) and electron donor (Lewis

base) components. van Oss et al. demonstrated that the acid-base interaction of any

condensed phase material is: y{*f = 2 y;'v; . This can be extended for two different

condensed phase material as: y{;’-B =2GJyi'vi + \/yj“yj‘ - \/y{“yj‘ - \/yi‘ Y-

Thus, the final expression for the interfacial interaction of two different condensed

phase materials, e.g., a solid (ys) and a liquid (y;) becomes: yg, = ys + 7y —

2y vy - 2\/V5+VL_ - 2\/VS_VL+-

By combining this method with the Young- Dupré equation the following

expression can be established:

—AG =y, (14 cosf) =2 < /VLLWVSLW +\vivs + \/VL_V;) (2.1)

From the above expression, it is obvious that at least three probe liquids are
needed to obtain the three unknown surface tension components of a solid. van Oss
et al. recommended that of these three probe liquids, two must be polar, and the
surface tension of the three liquids should be greater than the solid to avoid the
complete wetting scenario [100]. However, for all of these approaches, the results
largely depend on the choice of the probe liquids [101,102]. To obtain reliable and

consistent results, Holldnder [103] introduced the importance of the ratio of the acid-

base surface tension components (Q,, = )’:—;) and suggested that the difference of this

ratio for the two polar liquids should be as large as possible, e.g., AQ,, > ~15. Such

a combination can be selected as follows: water and formamide and the other non-
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polar probe liquid can be diiodomethane. To avoid a complete wetting scenario,
liquids having a higher surface tension are recommended. van Oss et al. [93—
97,99,100,104,105] also extended the Dupré equation for two dissimilar condensed-
phase material, 1 and 2 interact while immersed in a liquid, 3, which can be expressed
as follows: AGy3, = Y12 — Y13 — V23. Finally, this equation can be written in the
following terms of polar and apolar interaction of various surface tension

components:

A(;132:2< Y3LW_\/V1L_W><\/V2LiW_\/V3LiW)+2\/V_;(\/V_1_+\/ﬁ_\/V—3_)+
2 (Vi +V7 =) i - i

(2.2)

From this expression, van Oss et al. defined the term hydrophobicity and
hydrophilicity. If AG;3, < 0, then the interaction between material ‘1’ and ‘3’
considered to be hydrophobic attraction (cohesive interaction) and if AG;3, > 0, then
this interaction will be hydrophilic repulsion (non-cohesive interaction). However, if
the surfaces ‘1’ and ‘2’ are the same material (1=2) then the free energy of the
interactions can be called the free energy of cohesion (AG,31) which can be expressed

as follows:

2
AGyzq = =2 < DﬁLW - /V?,LW>
—4 <Jh+y{ +JV§V§ —\/nyg‘ —\/Vf)/;)

van Oss et al. [93-97,99,100,104,105] further extended the definition of

(2.3)

hydrophilicity by proposing two more conditions considering AG,3; = 0: (1) the
electron donor surface tension parameter (y5 ) should be higher than 28.3 mJ/m?;
and (2) the free energy of hydration for solid-water interface (AG&%) should be lower
than —113 mJ/m?. For most biological and many other organic materials the apolar

WY is ~40mJ/m?, and the electron

Lifshitz-van der Waals surface tension (y&

acceptor surface tension parameter (y4) is ~0 mJ /m?2. Further, from the free energy
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of cohesion equation, in the case of water (ytW = 21.8mJ/m? and y; =y =
25.5 mJ /m?) the electron donor surface tension parameter is calculated to be y5 =
28.3 mJ/m?. Having all of these known parameters, we can further extend the
hydrophilicity in terms of surface free energy of adhesion, AG&* ~ —113 mJ/m?.
From the free energy of adhesion equation, we can determine the equilibrium contact
angle criteria for the hydrophilicity. If the free energy of adhesion is 113 mJ/m?,
then the equilibrium contact angle criteria for surface hydrophilicity is given by, 8 <
~55°.

This theoretical analysis is consistent with the equilibrium contact angle
criteria for the hydrophilicity reported by Vogler [106]. Vogler showed that solid-
water long-range attractive interaction (hydrophobic) can only be detected if the
water adhesion tension (T = Y, cos Or) is less than 30 mN/m, from which the
contact angle of the intrinsic wetting threshold (IWT) can be determined (Figure
2.1a). More specifically there exist a range where the long-range intermolecular
interaction is minimum which is known as ‘Berg limit’ [107,108]. For water having
the interfacial tension of y; = 72 mN /m, this range varies from ~56° to ~74°.
Vogler [106] approximated this wetting threshold as follows: 6, = 65°. This
wetting threshold is very important while designing wettable and non-wettable
surfaces using any kind of surface modification [108,109]. It is anticipated that any
kind of surface physical modification (roughness, pattern) of the polymeric surfaces
enhances the hydrophobicity if the contact angle over the base smooth surface is
greater than 65° (not the commonly used contact angle value of 90°) [108,109]. The
threshold limit should be strictly followed while fabricating robust super-wettable or
super liquid-repellent surfaces for harsh environment applications [108—110]. The
magnitude of the wetting threshold varies with the magnitude of the interfacial
tension of the contacting liquid, Figure 2.1b indicates that this limit is increased with
the increment of liquid interfacial tension.

In addition to the equilibrium contact angle, there are also some other
definitions of hydrophilicity available in the literature in terms of advancing or

receding contact angle (Table 2.1). Law et al. [111,112] defined the hydrophilicity
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in terms of receding contact angle. They reported that the surfaces that exhibit a
receding contact angle of less than 90° require a high pull-off force to detach the
water droplet from the surface. They considered this as another alternative approach
to determine solid-liquid adhesion to determine the surface hydrophilicity. Table 2.1
provides a brief overview of the criteria to determine the surface hydrophilicity
available in the literature. However, from the membrane literature (Table A1.1), it
is observed that a very few researchers reported the interfacial free energy of
interactions (AG&® or AG,3,), as well as the advancing/receding contact angle to
determine the hydrophilicity of a membrane surface. Though most of the literature
utilized the wetting to non-wetting transition (8, = 90°) as a measure of

hydrophilicity, but the above discussion makes this assumption inappropriate.

2.1.3 Characterization of surface oleophobicity

In addition to the hydrophilicity, it is important in some membrane research
works to measure the underwater oleophobicity or oil repellency, such as for the oil-
water separation processes [113—115]. The underwater superoleophobic surfaces can
be observed in nature on the skin of marine animals [116], e.g., fish skin, which is
superoleophobic underwater though superoleophilic in air. A double-layered skin
structure facilitates the superoleophobic behavior underwater, which serves the same
purpose that air bubbles do in superhydrophobic surfaces. From Young’s equation,
it can be demonstrated that when the liquid surface tension decreases (y;), the
spreading tendency of any liquid over a surface also increases as contact angle
decreases. Hence, any solid that wets water (72.8 mN/m) also wets most of oils
(y: < 35 mN /m). For this reason, it is challenging to generate in-air hydrophilic but
oleophobic membranes. Moreover, most of the oleophobic surfaces show underwater
oleophobicity. As most of the oils are non-polar liquids, in underwater conditions, it
is necessary to enhance the surface polarity to facilitate the hydrogen bonding for
making the surface hydrophilic but superoleophobic (highly oil repellent). To

achieve such different types of oleophobicity at different conditions, significant

26



efforts have been made to tune the wettability of the surface by introducing different
surface modification approaches. Surface coating and surface grafting can be such
types of modification approach [11]. It is to mention that the wetting threshold limit
should be followed while selecting the base membrane to obtain the maximum
impact of these types of modifications. Similar to hydrophilicity, different theories
have been proposed based on Young’s and Fowke’s equation to determine the criteria
for oleophobicity. We can also extend the hydrophilicity/phobicity concept of van
Oss et al. [93-97,99,100,104,105] to determine the criteria for oleophobicity (Table
2.2). Some other criteria for oleophobicity are also available in the literature. Jung et
al. [117] proposed the following modification of Young’s equation for underwater
oleophobicity:

cos 8,4 — V08 0
cos 90W — yO 0OA YW WA’ (24)

Yow

where, the subscripts ‘0’, ‘A’ and ‘w’ denote oil, air, and water, and ‘ow’,
‘oA’ and ‘wA’ refer to the oil-water, oil-air, and water-air interface, respectively.
Schultz et al. [118] proposed a different theory for under liquid wettability combining
the Young’s and OWRK methods. The following equation can be helpful to measure

the surface oleophobicity underwater [118]:

Yo — Yw + Yow €0s Osyo = 2 /Vs” ( Yo — w&&) + 2\/)/5”)/5 - 2\/)/_5143, (2.5)

where, the subscript ‘S’ refers to solid and ‘SWO’ is the oil contact angle over
the solid surface underwater. Similarly, as the hydrophilicity, in addition to the
equilibrium contact angle, Law et al. [111,112] defined the oleophobicity in terms of
receding contact angle. It is worth noting that various criteria have been developed
based on different applications, in air or under-water. The membrane researcher

should follow these criteria while fabricating the oleophobic membrane. All of the
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criteria for oleophobicity proposed by different researchers are highlighted in Table

2 (the data showed for the case of Hexadecane).

2.14 Characterization of surface physical heterogeneity

Surface morphology and topography of membranes largely depends on the
type of materials utilized during the fabrication process and synthesis conditions
[68,119]. For example, TFC membranes have a roughness ranging from 50 nm to
100 nm. This range is significant enough to alter the wettability and interfacial
property [15]. This, in turn, increases the membrane foulant interactions and
increases fouling propensity by altering the membrane adhesion properties
[14,120,121]. On the other hand, roughness increases the surface area, which
provides greater opportunity to interact with water molecules and ultimately
increases the permeability [122,123]. Thus, a proper combination of physical and
chemical modification can ensure the maximum separation performance. In the
performance characterization section, a detail explanation of this phenomenon will
be provided. This section will focus on characterizing membrane physical
heterogeneity by contact angle measurements. In this regard, the effect of physical
heterogeneity over the contact angle is essential to explain.

Based on the wetting (6, < 90°), and non-wetting cases (6, = 90°), two
important theories can be employed to understand the effects of surface physical
heterogeneity. For the wetting cases when the surface is favorable the contacting

liquid to spread over the surface, the well-known Wenzel equation [48] is given by
cos 6, = r cos by, (2.6)

where  is the ratio of actual surface area to geometric surface area (also refer
to the previous section for detail), 8,, is the apparent contact angle (can also be
denoted as 6,,), Oy is the Young’s contact angle (can also be denoted as 6,). From

this equation, we indicate that for partially wetting cases (6, < 90°), introducing

28



roughness (r>1) will enhance the wettability. This enhancement will be more
impactful less than the wetting threshold (8;,,r) limit (also refer to the previous
section).

However, in the case of non-wetting scenario (6y = 90°), roughness
increases the resistance to the spread of liquid (e.g., water) molecules over the
surface. In this case, the droplet sits on top of the asperities, and air is trapped
underneath. This phenomenon is also known as chemical heterogeneity, which
depends on the interfacial interaction of two different contacting fluids (liquid and
trapped air). However, in this review article, we indicated chemical heterogeneity as
non-uniform charge distribution over the membrane surface. For non-wetting case,
introducing roughness is known as the Cassie—Baxter state, with Young’s equation
which can be written in terms of solid-liquid surface area fraction (@) as follows

(Cassie-Baxter equation) [49,50]:

cosOcp = —1+ @, (1 + cosby) 2.7

where, 8.5 is the apparent contact angle proposed by Cassie-Baxter.

However, in reality, often, Wenzel and Cassie-Baxter mixed states are
observed due to partial penetration of the liquid inside the air pockets formed due to
the roughness (Figure 2.2a). Conversely, there is another state in the Wenzel region
(Figure 2.2a) known as the impregnation state. This state can be useful for the
impregnated membrane cases, which is beyond the scope of the present study. Curios
authors may find more detail elsewhere [124—126]. The following equations are
introduced for the mixed Wenzel-Cassie-Baxter and impregnation wetting states,

respectively [127].

cosOycg = —1+ 05 (1 + rcosby) (2.8)

cosOpyp =1 — 05 (1 —cosby) 2.9

29



In addition to the Wenzel and Cassie-Baxter states, another theory is available
specifically applicable to the fractal surfaces proposed by Tsujii et al. (Figure 2.2b)
[66,67]. In the previous section, we mention that the membrane surface exhibits
fractal behaviors, and thus, this equation needs special attention for designing
membrane surfaces. Wenzel roughness factor obtained from any general rough
surfaces is lower than the fractal surfaces. Ismail et al. [15] from their proposed
contact angle method also reported that the Wenzel roughness factor obtained from
the conventional AFM analysis (as mentioned in the previous section) is lower than
the TFC membrane surfaces, which show fractal behavior. Tsujii et al. [66,67]
reported that this parameter is rather the function of fractal dimension, 7 qcrqr =

Dy -2
(%) ! , where ‘L’ is the upper (maximum), and ‘/’ is the lower (minimum) length

scale of the heterogeneity observed on the fractal surface, and Dy is the fractal
dimension (2 < Dy < 3). Moreover, the applicability of the Tsujii et al.’s model
[66,67] to membrane surfaces still awaits clarification for membrane surfaces.
Figure 2.3a provide the evidence that TFC membrane surfaces (NF 90 as an
example) exhibit different types of heterogeneity at different magnification level of
FESEM images. AFM analysis at different scan size can also shows the evidence of
fractal characteristics (Figure 2.3b) as the roughness factor varies significantly with
the scan size.

Ismail et al. [15] and Han et al. [20] proposed different approaches to
determine the roughness factor using contact angle analysis. However, the approach
proposed by Ismail et al. [15] is specifically developed for a generalized approach to
determine the roughness factor of the fractal surfaces. They combined Young
equation [46], Wenzel equation [47,48], and Fowkes Equation [88] for the non-polar

probe liquids as follows:

(2.10)

\/y_L 0059W=—r\/y—L +2r\/)E
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(2.11)

F
JYL €os 044 = =71 [r +)/_] +2r /ys?
L

where 6y, is the apparent contact angle based on the Wenzel model, 7 is called

F. .. . _
surface roughness factor, - indicates the resistive frictional force due to the surface
L

physical heterogeneity, the superscripts D denotes the dispersive intermolecular
interaction. 1y, cos 8 vs. \/y; plot can be obtained for a wide range of non-polar
probe liquids. The slope and interception will provide the information on the
roughness factor. Figure 2.3c¢ shows the comparison between the roughness factor
obtained from the conventional AFM analysis and contact angle analysis. The
obtained roughness from the contact angle analysis was compatible with the fractal

roughness factor proposed by Tsujii et al. [66,67].

2.1.5 Characterization of surface charge and zeta potential

Membrane surfaces contain surface charge (mostly negative) and functional
groups to obtain better hydrophilicity (hydrogen bonding) and anti-fouling property.
Polyamide membranes have both weak acidic carboxyl groups (—COOH) and basic
amine groups (—NH3) that allow the membrane surface to acquire either a positive or
negative charge based on pH and concentration of the contact solution [128-130].
This, in turn, controls the selectivity of the membrane and also in some cases, the
fouling phenomena. Before presenting the surface potential characterization method
using contact angle analysis, we first discuss the conventional zeta potential
measurement technique and origin of surface charge.

When an aqueous solution comes in contact with a membrane surface, a
charged layer is formed, which is known as the electric double layer (EDL). This
causes higher counterion concentration near the membrane surface than that in the
bulk solution. From this, two different regions can be identified near the membrane
surface: the immobile stern layer where ions bind at the solid-liquid interface, and

the diffuse layer where ions can move freely. The electrical potential at the stern
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layer is difficult to measure directly, but at the diffuse layer, it is called the zeta ({)
potential and can be measured experimentally. The thickness of EDL depends on the
ionic concentration and electrical properties of the liquid, which may vary from a
few nanometers for high ionic concentration to several micrometers for distilled
water and pure organic liquids [131-133]. The boundary between the stern layer and
diffuse layer is known as the shear plane where zeta potential is measured. The total
thickness of the stern layer and the shear layer of EDL is known as Debye length
(x~1), which is a characteristic parameter of the electrolyte solution which can be

obtained as following [132,133]:

genRT
1 / 0 2.12
K 2Mz2e? 12)

where M is the molar concentration of the solution, z is the valence of the
ions, €&, is the dielectric coefficients of the solution, e is the charge of the electron,
R is the molar gas constant, 7'is temperature. Zeta potential is a property of the solid-
liquid pair and can be measured generally in four ways by the relative motion of an
electrolyte solution and a charged solid, (1) electrophoresis, (2) electro-osmosis, (3)
sedimentation potential, or (4) streaming potential [133]. Electroosmosis and
streaming potential methods are utilized to determine the zeta potential on a flat
surface. However, due to the lack of sensitivity for the surfaces having low potential,
streaming potential techniques is more convenient than the electroosmosis
[130,134,135]. Streaming potential measurements can be further classified into
transverse (especially for porous samples) and tangential streaming potential
methods (Figure 2(d)) [136]. Transversal streaming potential (also known as
filtration streaming potential) is measured by flowing the solution through the pores
of the membrane during the filtration process. In this case, the membrane is mounted
between a pair of electrodes. This method is advantageous as it provides more
realistic results when zeta potential measurement is conducted during the filtration

process. However, it is difficult to measure the streaming potential for multilayer
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membranes due to different electrostatic properties at different layers. The tangential
streaming potential is an alternate option to measure the zeta potential at the
separating layer. For this measurement, a flow of solution passes along the active
surface of the membrane under applied hydrostatic pressure, usually through a
fabricated capillary or a slit microchannel. Elimelech and coworkers [137] performed
initial experiments on the feasibility of using a streaming potential analyzer to
determine the zeta potential of RO and NF membranes. The advantages of this
method include (i) adjustable channel height to avoid EDL overlap due to the charge
distribution inside the pore and the active layer, (ii) insignificant concentration
polarization phenomena as no filtration takes place, (iii) applicability for a wide
range of pore sizes from MF to RO membranes, (iv) determination of the streaming
potential of the active layer, and (v) simplistic interpretation of the results as the
contribution of the support layer is excluded [138—-140]. The functional groups on a
membrane surface can be dissociated upon contact with an aqueous solution and can
form charged functional groups, i.e., amino, carboxyl, and sulfonates [131-133].
Depending on the pH of the solution, the surface can acquire a positive or negative
charge. For example, PA TFC membranes contain carboxylic (R-COO~) and amine
(R—NH3") ionizable functional groups which are responsible for development of
surface charge [129,130,141,142]. The equilibrium dissociation reactions of these

groups are as follows [130]:

2.13)
R-COOH < R-COO™ + H*

R-NH;" < R— NH, + H*
e 2 (2.14)

According to these reactions, the surface charge is dependent on the degree
of ionization, and obviously, the pH of the solution [130]. At high pH values, H" in
reaction (1) reacts with OH™ and reaction progress to the right. Higher R—-COO~ on
the surface makes the membrane negatively charged. In contrast, at low pH values,
reaction (2) moves backward, and the resulting membrane becomes positively

charged. The charge on the membrane surface causes electrostatic attraction or
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repulsion with the charge of the constituents present in the contact solution. Thus,
this may affect the separation process and control the concentration polarization and
fouling phenomena. One can have the information on surface charge density by
measuring its zeta potential. Zeta potential depends on different parameters, e.g., the
solution viscosity, ion diffusivities, ionic strength of the solution, and the surface
charge density [131-133]. In general, zeta potential ({) can be calculated by the
following Helmholtz-Smoluchowski equation [132,133]:

n

2.15
o2y (2.15)

N
I
l>|l>
o
| e~
Q-

AE . . . . . .
where, A—i is the ratio of electrical potential to pressure drop, 7 is the solution

viscosity, €&, 1s the dielectric coefficients of the solution, L and A are the cross-
section of the channel, and Q is the electrical resistance of the channel. Helmholtz-

Smoluchowski further approximated the equation by assuming electrical

conductivity as follows: A = % %. Thus, the final equation can be expressed as
[132,133]-
_AE 2.16
¢= AP e¢g, (2.16)

It is worth noting that though, in literature, electrical conductivity is demoted
by o, in this review article, this symbol signifies surface charge density.

Membrane surfaces contain acidic or basic functional groups, which undergo
acid-base reactions in aqueous media. For any dissociation reaction, the mass action
reaction can be written as follows:SH & S~ + H™* [132]. The maximum possible
proton concentration at the surface can be written as [H*],. The concentration of
negative sites, [S™ ], is related to the maximum possible surface charge density (ay),
0o = —e[S7],. Here, e is the magnitude of the fundamental charge of an electron

(1.602x107" C). The maximum possible surface charge density is required to
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calculate the surface charge at any specific pH, i.e., 0 = gy, where, a is the degree

of ionization of the acidic groups:

a=— (2.17)

By measuring the surface potential (1)) at the stern plane, it is possible to
calculate the surface charge (o) from the Grahame equation [132]. For a 1:1

electrolyte solution (e.g., NaCl and HCI) we can write:

_ell}s)’

o = /BRTeg,([NaCl] + [HC]) Sinh( 2RT

(2.18)

where R is the molar gas constant, T is the absolute temperature, and
[NaCl] and [HCI] refer to the concentration of salt and acid, respectively.

Now, we will present the characterization of surface potential using the
contact angle method. Figure 2.4a depicts that based on the pH of the electrolyte
drop, surface wettability alters. There are clearly two distinct plots for the carboxylic-
and amine-rich surfaces [33,143]. Hurwitz et al. [21] utilized this concept determined
the surface potential at the stern plane and compared their results with the zeta
potential obtained at the shear plane using the conventional streaming potential
method (Figure 2.4b). They observed comparable results between these two
methods, especially in the negative surface potential zones. They further extended
their analysis for different molar concentrations and reported that solid surface
tension components also alter due to the variation of surface pH (Figure 2.4¢). The
surface potential measurement from the wettability analysis is developed based on
the non-covalent interactions between the solid surface and the probe liquids [21,32—
35]. van Oss [93-99] simplified the non-covalent interactions as follows: (i) Lifshitz-
van der Waals (LW) electrodynamic interactions due to van der Waals forces; (i1)
polar or Lewis acid-base interactions due to attractive (‘hydrophobic interaction”)

and repulsive (‘hydration pressure’) forces; (iii) electrostatic interactions; and (iv)
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interactions due to Brownian movement forces. If a solid surface exhibits Lewis acid-
base interaction with the liquid, the solid-liquid interfacial tension (ys;) changes as
a function of pH. Holmes-Farley et al. [33,143] developed the contact angle titration
technique based on three assumptions: (i) the surface free energy of the solid-liquid
interface (ys;) consists of the total contributions of all functional groups present at
the solid surface; (ii) there is no reconstruction of the surface, e.g., variation of
surface properties is observed only due to pH variations; and (iii) change in the
wettability of the surface due to change in pH are mainly due to the variation of the
solid-liquid interfacial tension (ys;). Applying these assumptions along with
Young’s equation, the degree of ionization (@) is obtained which is an important part
of the surface potential calculation from contact angle measurement. Surface extent

of ionization is given by (Figure 2.4a) [33,143]

o= Yis(pH1) — v 5(pH) __cos Opn — €osOpyy
Yis(PH1) =y s(pH13)  c0sOpp13 — €OS Oppyy

(2.19)

where all the contact angle data can be obtained from the contact angle titration curve
(Figure 2.4a).

The next step to determine surface potential is to calculate the maximum
charge density (o, = —e[S™]y). We can further determine the concentration of

reactive groups [S™], as follows:

—(14-pHp)
[S7]p == ) (2.20)

TAg

Here, pH,, is the pH where the titration curve breaks from horizontal, N is

the Avogadro’s number, r is Wenzel roughness factor, Ag = [/3V2?/35in?0 | E —

-2/3
is the actual area under the drop, and V is drop volume.

cos39]
3

cos O +
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2.2 Analyzing membrane performance parameters using

contact angle

In the previous sections, we present a detailed description of the
characterization of membrane influential surface parameters using contact angle
analysis. This section will focus on the characterization of membrane performance
parameters using contact angle analysis and their connection towards the solid-liquid
interfacial properties. Researchers have employed both chemical modification (e.g.,
grafting) and physical modification (e.g., coating) to improve the separation
performance [11,14,113,115]. More importantly, to ensure increased selectivity at a
constant permeability and anti-fouling property, interfacial material with special
wettability can be an excellent option [13,144]. Synthesis of oil-removing materials
is an example of successfully introducing special wettability into the field of oily
wastewater treatment [113]. However, many of these membranes are readily fouled,
or even blocked up, by oils because of their intrinsic oleophilicity or even
hydrophobicity. The synthesis of membrane materials having both superhydrophilic
and superoleophobic properties is very challenging since a material whose surface
energy is simultaneously greater than that of the water and smaller than that of oil 1s
hardly found. Hence, these types of materials are fabricated through surface
engineering for the desired application with the incorporation of new functionalities
to the polymer surface. For example, superhydrophilicity and underwater
superoleophobicity arise from the synergistic effect of hierarchical micro-/nano-scale
surface features and the hydrophilic chemistry of the grafted materials. The grafted
hydrophilic groups increase the hydrogen bonding capability of the membrane
surface, which ensures the creation of the hydration layer at the membrane-water
interface and incorporates fouling resistivity. Membrane researchers have
extensively quantified and connected the wettability parameters with the membrane
performance parameters. We will provide a few of those which can be the starting

point of the novel material development for membrane processes.
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2.2.1 Analyzing fouling propensity of membrane materials

Inspired by naturally occurring surfaces, researchers have developed surface
engineered materials with special wettability, which can provide an effective solution
to challenging environmental problems. In many cases, surface engineered
membrane surfaces exhibit undesirable physical and chemical heterogeneity since it
is difficult to control all the synthesis parameters. However, these types of surface
heterogeneities also alter the membrane performance, which can be determined by
contact angle analysis and related interfacial parameters. Ismail et al. and Sangyoup
et al. [22,71] reported that colloidal and organic fouling is directly related to the
contact angle hysteresis (Figure 2.5). Not only the surface physical heterogeneity,
but even non-uniform distribution of surface charge can also initiate fouling.

In addition to colloidal and organic fouling, biofouling is also another type of
undesired phenomenon which often occurs. Membrane biofouling can be defined as
the accumulation of microorganisms over the membrane surface. These types of
fouling are more complex in nature since microorganisms can grow, multiply, and
relocate over the membrane surface [5]. Biofouling can also be directly related to
membrane surface properties, more specifically contact angle and surface zeta
potential. Firouzjaei et al. [145] synthesized different types of thin-film
nanocomposite membranes (TFN) utilizing metal-organic frameworks (Figure 2.6).
The lowest contact angle and lowest zeta potential of the surface ensure maximum
performance (Figure 2.6 a,b).

The formation of biofilm over the membrane surface is a complex process.
The microorganisms stay over the surface, forming extracellular polymeric
substances (EPS). Figure 2.7a depicts the complex procedure of biofilm formation
[146]. This formation is mainly governed by the adhesion process between the EPS
and membrane surface with hydrophobic and hydrogen bonding interactions. Figure
2.7a also provides the interrelation between the membrane surface tension and
degree of biofouling, which is known as the ‘Baier curve’ [147]. From this plot, we

observe that there remain two different states where the ‘fouling release’
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phenomenon exists, solid surface tension in between 20 mN/m and 30 mN/m, and
greater than 60 mN/m. Most of the hydrophilic membrane surfaces have a surface
tension of 40 mN/m or greater. Thus, to obtain the ‘fouling release’ surfaces, it is
required to increase the membrane surface tension so that they can reach the 60
mN/m criteria. Figure 2.7b shows another example of the characterization of
membrane performance parameters (humic acid and oil fouling) with the interfacial
properties [148]. As mentioned in the previous section, the hydrophilic surfaces
surface free energy should be close to zero. We can observe this phenomenon from
the humic acid fouling, 9-FAS coated PVDF membrane provides better performance
(Figure 2.7¢). Interestingly, oil fouling plots provide different information. Though
both of the membranes are hydrophobic underwater, the 17-FAS membrane exhibits
a higher oil contact angle, which indicates the oleophobicity of the material. This, in

turn, reduces the oil fouling, as shown in the figure (Figure 2.7c¢).

2.2.2 Analyzing scaling propensity of membrane materials

Scaling is another type of membrane fouling which is observed due to
inorganic depositions of the dissolved salt in the feed solution. The salt deposition
includes Calcium carbonate (CaCO3), barium sulfate (BaSO4), silica (S102), and
calcium sulfate (CaSO4) [5]. This type of fouling strongly depends on the solubility
and the concentration in the feed solution. Generally, any dissolved material may
start to deposit over the surface by two types of nucleation (or crystallization in
general) process: homogeneous and heterogeneous (Figure 2.8a). Nucleation is
generally the process of phase change of a material, e.g., crystal generation from a
solution. Homogeneous nucleation happens from the bulk of the solution surface, but
heterogeneous nucleation occurs at any interface of another surface or due to surface
heterogeneity. Heterogeneous nucleation starts with forming a nucleus of a critical
radius, 7. = f(yi5, AG,,), where, y; is the solid-liquid interfacial area A;5 and AG,, is

the free energy change associated with the volume of phase change from liquid to
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solid (V;) [149,150]. The critical free energy for heterogeneous nucleation can be

calculated as follows [149,150]:

2
AGhet — (24 cosb.) (1 —cosb.) AGhom 2.21)

cri 4 cri

3
where, AG?roim = VAG, + yisAis = %AGv + 47TTCZ)/lSa f(gcri) =

(2+c0s Bp;) (1—cos 0 ;pi)?
4

is the wettability parameter and 8.,; denotes the contact angle

at the nucleus-surface interface. The magnitude of f(8,,;) varies between 0 and 0.5.
This magnitude should be as large as possible to avoid nucleation and material
deposition phenomenon. Tong et al. [151] conducted a study to relate silica scaling
in reverse osmosis (RO) process with the heterogeneous nucleation, surface charge,
hydrophilicity, and surface free energy. With some exceptions, they reported that
lower magnitude of f(8,,;) increases silica scaling possibility. They concluded that
silica scaling is the combined effect of surface charge distribution and surface free
energy (AGfreit). Mi et al. [152] reported that silica scaling in forward osmosis (FO)
1s mainly governed by the heterogeneous nucleation process (Figure 2.8a,b). From
the adhesion force analysis, they concluded that membrane having low adhesion
tendency with silica might exhibit better scaling resistant behavior. For example,
silica-scaled cellulose acetate (CA) membrane recovered a higher amount of flux
after the DI water rinse than the polyamide (PA) membranes. In addition to the FO
and RO processes, interfacial materials have also been utilized in the membrane
distillation (MD) process to prevent scaling (Figure 2.8¢). Xiao et al. [153]
introduced dual scale surface roughness features over the membrane surface to shift
the surface from the pinning state to the rolling state and reported better scaling
resistant performance. Thus, in a nutshell, we can conclude that though a single value
of contact angle does not provide a direct quantification of membrane scaling;
however, the parameters derived from the contact angle analysis (e.g., surface free
energy, and adhesion force) can provide valuable insights on membrane scaling

resistivity.
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2.2.3 Development of novel interfacial materials with special

wettability for next-generation polymeric membranes

Nature-inspired interfacial materials with special wettability have drawn
specific attention towards novel membrane material development [13]. These
applications can be utilized for the oil-water separation process, membrane-based
water treatment, and fouling control strategy. Moreover, in many cases, surfaces with
special wettability are required for harsh environment applications, e.g., high-
temperature water purification. Such modification towards novel material
development includes attachment of block copolymer on the selective layer and
introducing micropattern over the membrane surface. Numerous examples can be
found in the literature to employ materials with special wettability [11,113,115,154].
In this study, we only present two of such efforts, which can be the starting point for
the implication of interfacial materials for water treatment.

Jeon et al. [155] reported that introducing new material such as poly(acryloyl
hydrazide) star (PAH-SP) polymer can improve the permselectivity and anti-fouling
properties (Figure 2.9a) simultaneously. This is due to the high-density reactive
functional groups resulting from highly crowded chain architecture and enhanced
polymer chain mobility (Figure 2.9a). Maruf et al. [156] first introduced topography
modification of the TFC membrane incorporating micro-scale features over the
selective layer. They observed reduced gypsum scaling for the patterned membrane
in comparison with the unpatterned one. They reported that the pattern introduced a
secondary flow at the membrane water interface, which is advantageous to prevent
concentration polarization and scaling. El Sherbiny et al. [157] reported that micro-
patterned TFC membranes have superior permselectivity and anti-fouling properties
than the flat ones. They developed bio-inspired superhydrophilic micro-patterned
TFC membranes with stimuli-responsive characteristics (Figure 2.9b). The
combination of surface micro-patterns and the responsive hydrogel coating enabled
the ‘smart’ wettability switching of the membrane surface and thus controlled the

permselectivity.
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Another important application of interfacial materials can be the anti-fouling
membranes. The effective anti-fouling membranes not only exhibit fouling-resistant
phenomenon but also provide fouling release characteristics (Figure 2.9¢) [68]. One
of the ways to achieve this goal is to introduce amphiphilic molecules over the
membrane selective layer. Amphiphilic materials contain both hydrophobic and
hydrophilic segments. Hydrophilic segments ensure the fouling resistivity, while, in

contrast, the hydrophobic segments provide fouling release.

2.3 Summary

Polymeric membranes are excellent candidates for low cost and energy-
efficient water purification processes. However, their performance is greatly affected
due to fouling during filtration. The membrane separation process is substantially a
surface phenomenon, i.e., the membrane’s surface properties, such as wettability,
roughness, and surface charge, play a crucial role in the membrane performance.
Proper surface modification can be employed to improve the membrane permeation
properties, e.g., water flux and anti-fouling property. Surface roughness and surface
functional groups may alter due to the surface modification, which in turn affects the
wettability of the membrane. It is anticipated that proper quantification and
application of surface wettability and related parameters may enable meticulous
design and parameterize of the membranes. In this review, we survey the techniques
to quantify the membrane surface and permeation properties using contact angle
analyzer. The contact angle can be such an important parameter through which one
can access the information of surface wettability, hydrophilicity, free energy,
adhesion, roughness, and zeta potential with high sensitivity. All these parameters
can be further utilized to elucidate and qualitatively analyze the membrane
permeation properties. Figure 2.10 represents a brief overview of the membrane
surface and performance parameters, which can be evaluated by contact angle
analyzer. This review study mainly highlights the quantification and analyzing

technique of membrane parameters by contact angle analysis.
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Figure 2.1: (a) Connection of contact angle to the solid-liquid adhesion. If the contact
angle is less than ~65°, the attractive long-range forces between a surface and water
diminish, and the surface can be considered as hydrophilic [107]. The decay of attractive
and the increment of repulsive force are observed between water adhesion force 20 and
40 dyne/cm, which is known as ‘Berg limit’. (b) Every liquid has a specific surface (solid)
independent intrinsic wetting threshold (IWT), which is the boundary of partial-wetting
and partial non-wetting, e.g., for water, 6,7 = 65°. The IWT decreases with decreasing

liquid interfacial tension.
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1 Wenzel

Figure 2.2: (a) Four different wetting states for a liquid on a structurally heterogeneous
surface. By introducing physical heterogeneity (such as re-entrant profile in a metastable
state), the intrinsically hydrophilic surface can be turned into hydrophobic surface [127].
(b) Surface free energy based on wetting state on a physical heterogeneous surface [127].
We observe that the impregnation state stays in the lowest energy minima and thus the
most stable state. (c) Wetting states for a liquid on a fractal surface proposed by Tsujii et
al. [66,67].
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Figure 2.3: (a)-(c) Evidence of self-affinity in a TFC membrane surface [15]. (a) FESEM
image of the NF 90 at two different magnification levels shows different topography of
the surface. (b) AFM analysis at different scan size exhibit significant variation
specifically for the membranes having a higher magnitude of roughness. (c) Wenzel
roughness factor () determination through contact angle analysis (1¢4) exhibits higher

magnitude than that obtained by AFM (14r),) at different scan size.
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Figure 2.4: (a) A typical representation of a contact angle titration curve due to acid-base
interaction of two different polyamide films containing free carboxylic and amine
monomers on the surface [33,35,143]. (b) Comparison of surface potential measurement
from contact angle titration and streaming potential technique [21]. (b) Surface tension
components as a function of pH and NaCl ionic concentration. The inset image shows a
conceptual illustration of the influence of NaCl ionic concentration on membrane

wettability [21].

46



a) b) 1.0k
Low Physical Heterogeneity T "‘L:":"W’ E::':”’
O BW30
—_ a8 O XLE 972 449
L (]
9, 1o AA n9d, A NFO | qp1s 1345
5 af %004,
< 09} e %000,
=2 AA; u]
™ o
L Y - TR
- 09 I
<] AAOp
N o AA o =
= 08} AAAn o .
g 08 Mhgp,l0m
- Colloidal AAA
< AB t Fouling
0.7
0 50 100 150 200 250 300 350
Low Hysteresis (A8) - Time (min)
25.0
. Negatively charged site eUnn}larged site * Foulantadsorbed site C)
. SWC5
—~ 200} HH
X g1
e P
[ pos
2 A
g 150F 7 TM820
e
(5] s
< 'RE 8040
% SW30HR .-
T 100} 1,
pt
Organic
SWC5 AGt wy coins
5.0 <
Low 0 5 10 15 20 25 30 35 40

Hysteresis (mN/m)

Figure 2.5: (a) Commercial membranes BW 30 and SW 30HR exhibit greater uniformity
of surface features thus less contact angle hysteresis. Surface physical and chemical
heterogeneity increases (b) colloidal and (c) organic fouling propensity. This fouling

behavior is directly related to the surface contact angle hysteresis (46) [22,71].
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Figure 2.6: (a) A Synthesis of biofouling resistant membrane by incorporating graphene
oxide (GO), and metal (silver, Ag) organic framework (MOF). The GO-AG-MOF exhibits
the lowest magnitude of the contact angle and the zeta potential. This ensures (b) high

normalized flux for this membrane for both sodium alginate and E. Coli feed water
solution [145].
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Figure 2.7: (a) Different stages of biofilm formation over membrane surface [146]. ‘Baier
curve’ indicates that the surface tension of any material should be greater than 60 mN/m
[147]. (b) From the interfacial energy analysis, it is evident that 9-FAS membranes are
less hydrophobic than 17- FAS coated membrane. Humic acid fouling clearly shows that
less hydrophobic membrane provides better performance. Interestingly, the oil fouling
shows a different trend. It is due to the higher oleophobicity of 17-FAS coated membrane
[148].
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Figure 2.8: (a) Top panel: Evolution of a typical nucleation process. After the formation
of critical nuclei, the crystallization process emerges to grow through coalescence [158].
Bottom panel: Scale formation mechanism (silica scaling with hydroxyl group) on the
TFC membrane due to heterogeneous nucleation [152]. (b) Surfaces having less adhesion
towards silica particle, i.e., cellulose acetate (CA) shows better flux recovery than the
polyamide (PA) one. (c) Surface engineered membranes can be an excellent option for
scaling resistivity. Dual scale roughness features (SINP) can shift the membrane surface
from pinned to a rolling zone which results in higher normalized flux in the membrane

distillation process [153].
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globular structure can form interstitial spaces between the close-packed neighboring star
polymers, and act as ‘effective’ water channels [155]. This ensures high foulant resistivity.
(b) SEM image of the top surface and cross-section morphologies at different
magnifications for pristine and surface modified micropatterned membranes prepared
using phase separation micro-molding approach [157]. Pattern membranes showed better
perm-selectivity than the flat membranes. (c) Fabrication of anti-fouling membranes:
fouling resistance and release strategy. Hydrophilic surfaces only exhibit fouling resistant
property. But the fouling release strategy includes the incorporation of both hydrophilic
and hydrophobic non-polar low surface energy segments. The low surface-energy
segments ensure foulant release in the presence of surface turbulence (e.g., high cross-

flow) [68].
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Figure 2.10. Overview of the characterization of the membrane surface and permeation
properties using contact angle analyzer. It is evident from the literature that contact angle
can provide a wide variety of information: surface properties such as wettability [107,159],
roughness and fractal characteristics [15,160], surface charge and zeta potential [21], and
permeation properties such as perm-selectivity [10,14], and anti-fouling property [11] for

novel material development [13,68].
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Table 2.1: Criteria for surface hydrophilicity.

Parameter

Condition

Literature

Free energy of cohesion
Electron donor surface tension parameter

Free energy of adhesion

Equilibrium contact angle (theoretical

analysis)

Equilibrium contact angle (experimental
analysis)
Receding contact angle

*S=solid, W=water, ad=Adhesion

y§ <283 mj/m?
AGEL < —113 mJ/m?

By < ~55°

By < ~65°

B0 < 90°

van Oss et al. [100]
Extension of van Oss et al. [100]
Extension of van Oss et al. [100]

Combined van Oss et al. [100]
and Young-Dupre equation

[46,85]
Vogler [106]

Law etal. [111,112]
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Table 2.2: Criteria for surface oleophobicity (non-polar oil, e.g., Hexadecane)

Parameter Condition Literature
Free energy of interaction underwater AGsyo >0 van Oss et al. [100]
Free energy of interaction in air condition AGgps <0 van Oss et al. [100]
Polar surface tension parameter underwater Calculated from van Oss et
o V¥svs > 27mj/m?
condition al. [100]
Receding contact angle in air 004, cceaing > 124° Law etal. [111,112]

Combined van Oss et al.

Equilibrium contact angle 0 > 158°
d & swo [100]-Schultz et al. [118]
In air hydrophilic and oleophilic surfaces
Y04 €0S Bg < Yyacos 6y, Jung et al. [117]
(VSA > Ysw and Vsa > ysa)

In air hydrophobic and oleophobic surfaces
Yon < Vo and yon < o0) Y04 €0S Bpg > YiyaCOS Oy a Jung et al. [117]
SA sw SA so
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Chapter 3 8

New Insights into the Impact of
Surface Heterogeneity on the
Wettability of Polymeric
Membranes

SMaterial of this chapter has been published/prepared for submission as i. Md Farhad Ismail,
Behnam Khorshidi, and Mohtada Sadrzadeh. New insights into the impact of nanoscale
surface heterogeneity on the wettability of polymeric membranes. Journal of Membrane
Science 590: 117270, 2019. 3. ii. Md Farhad Ismail, Muhammad Amirul Islam, Behnam
Khorshidi, and Mohtada Sadrzadeh. Quantification of surface potential by wettability
measurements. Applied Physics Letters, 2020 (in progress).

56



3.1 Surface physical heterogeneity

Membrane technology is currently utilized in a broad range of applications,
from industrial and residential wastewater treatment to seawater desalination
[14,161]. Despite the promising advantages of membrane processes, such as high
product quality, low operating costs, and compact design, the susceptibility of
membranes to fouling remains one of the most challenging issues, which limits the
sustainable application of membrane technology for water treatment [11,162].
Fouling decreases the membrane performance dramatically by reducing the flux and
the quality of water and subsequently increases operating costs [163,164]. The
physicochemical properties of the membrane surface (e.g., wettability, surface
charge, and roughness) are found to be the most influential factors on fouling
[37,78,165]. It is generally accepted that membranes with higher water wettability
and lower magnitude of roughness are less prone to fouling [14,78,166]. Wettability
is typically characterized by measuring the contact angle of a wetting liquid (often
water) over a substrate. Surface roughness is commonly measured by atomic force
microscopy (AFM) [167].

It i1s well established that the surface roughness inherently affects the
wettability by providing more contact area to the spreading liquid [47]. Busscher et
al. [168] studied the influence of surface roughness on the contact angle of five
different liquids over twelve polymeric substrates. Their objective was to find out
how smooth it should be a surface so that the influence of surface roughness on
contact angle can be neglected. They evaluated the wettability by sessile drop
technique and the average surface roughness by stylus profilometer. They found that
the influence of surface roughness on contact angle is negligible when the average
roughness is less than 100 nm. However, no attempt was made to evaluate the root
mean square (RMS) roughness, Wenzel roughness-ratio [47], as well as the impact
of surface chemical heterogeneity on the contact angle. The invention of AFM in the
1980s provided more opportunities for surface scientists to evaluate the surface

topography of the solid materials with higher resolution down to micron and
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nanoscale [52]. Miller et al. [53] conducted a similar study to clarify the effect of
nano-sized surface asperities on the water contact angle over polytetrafluoroethylene
(PTFE). They generated two different types of surfaces having RMS roughness of
8.3 nm and 83.6 nm and employed AFM and contact angle goniometry techniques
to quantify the RMS roughness and wetting properties of the PTFE surfaces,
respectively. They observed that the advancing and receding contact angle increased
with an increase in surface roughness. Accordingly, surface roughness was found to
alter the wettability of any surface having RMS roughness of greater than 80 nm. It
is worth noting that this study also disregarded the polar interaction between the solid
and liquid surfaces. Besides, the AFM measurement was limited to a small scan area
of 5x5 um?, which may not adequately represent the surface heterogeneity. Good et
al. [169] performed a study to determine the surface roughness of fluorinated
ethylene propylene (FEP) and poly(methyl methacrylate) (PMMA). They created a
wide range of roughness on these substrates by using different silicon carbide papers.
They have utilized different polar and non-polar test liquids and reported that
wettability could alter due to physical (roughness) and chemical (functional groups)
heterogeneities. They qualitatively compared the roughness factor of their samples
with the smoothest surface and found good agreement only for non-polar FEP
surfaces. Kuna et al. [170] and Voitchovsky et al. [171] investigated the effect of
nanoscale physical heterogeneity on the solid surface tension of self-assembled
monolayers, coated with binary mixtures of 1-octanethiol and 6-mercaptohexan-1-ol
(MHol). They have generated comparatively smooth and rough surfaces by coating
multi-layer films of nanoparticles. They evaluated the work of adhesion using AFM
and wettability analyses and reported a monotonic dependence of the work of
adhesion on the MHol composition for the smooth surface. In contrast, a non-
monotonic trend is observed for the rough surface due to the effect of nanoscale
physical heterogeneity. They also realized that the work of adhesion is higher when
it is obtained by contact angle analysis compared to AFM. They proposed that the
AFM results need calibration with a known reference surface to provide accurate

results. However, no comment was provided about the influence of polar interaction
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of the solid-liquid interface on the contact angle analysis. Another shortcoming of
these studies is that the wettability analysis was merely based on the static contact
angle while evaluation of advancing or receding contact angles is required for a
reliable wettability analysis of heterogeneous surfaces [42]. Furthermore, the AFM
measurements were limited to a small scan size of 5 um, which may provide
misleading information by skipping the scattered surface features. A recent study of
Johnson et al. [31] illustrated that the AFM characterization depends on the selected
scan size due to the self-affine fractal characteristics of the sample surface. They used
four polymeric membranes and carried out the AFM analysis at different scan sizes
ranging from 1 pm to 80 pm. Calculating the fractal dimension and roughness
exponent from the AFM power spectral density (PSD) plot, they reported that the
RMS roughness of the polymeric membranes increased sharply with the increase in
scan size from 1 um up to 10 um, followed by a slight rise at larger scan sizes.
Taniguchi et al. [172] developed an experimental model to correct the contact
angle measurement for the surface roughness of porous ultrafiltration
polyethersulfone (PES) membranes. They used the captive bubble technique for the
contact angle, and contact mode for AFM roughness measurement. They compared
the corrected advancing, receding and equilibrium contact angles of porous PES
membranes with a nonporous PES film. Except for high-porosity membranes, they
found reasonable agreement between the corrected advancing and equilibrium
contact angles of low-porosity PES membranes with a nonporous PES film. In
contrast, the corrected receding contact angle of the porous membranes were not
comparable with that of nonporous PES film. They suggested that the discrepancy
was due to the surface restructuring and molecular rearrangement of the functional
groups. This study would be more comprehensive if the effect of surface porosity
and scan size (larger than 5 pum) was considered in the proposed model. Troger et al.
[173] suggested a theoretical modification to correct the contact angles due to
porosity. They have utilized the sessile drop contact angle measurement technique to
measure the contact angle of seven microporous PTFE membranes with the pore size

ranging from 0.2 to 5 um. The experimental observations were compared with the
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contact angle obtained from non-porous PTFE surfaces and reasonable agreement
was obtained. This study indicated that not only roughness but also the surface
porosity needs to be considered while correcting the contact angle of porous surfaces.
Han et al. [20] proposed a method to simultaneously quantify the surface energy and
Wenzel surface roughness of nonporous polymeric membranes. Based on the surface
tension measurement proposed by Good and co-workers [100,169], they employed a
combination of four polar and non-polar probe liquids to characterize the apparent
(equilibrium) contact angle of commercial NFO0 and ESPA1 membranes. While
conventional AFM measurement provided higher surface area difference for ESPA1
than NF90, their proposed wettability method showed exactly the opposite result.
Conducting a sensitivity analysis, they concluded that surface roughness propagates
the error and amplifies the magnitude of the predicted surface energy. A potential
weakness of this study is the combination of employed polar/nonpolar probe liquids
for wettability analysis of polar polymeric membrane surfaces, which might result in
the reported discrepancies. Furthermore, this study could be more interesting if the
advancing contact angle was employed in addition to the static contact angle in the
wettability analysis. It was suggested by Good et al. [169] to consider only nonpolar
liquids to minimize polar interactions when determining the physical heterogeneity
from contact angle-based analysis.

In this work, a systematic study has been conducted to assess the impact of
surface nanoscale physical heterogeneity over surface wettability. Five polymeric
membranes having different surface roughness are selected and a new experimental
approach is developed to quantify the non-polar surface tension component, as well
as the surface roughness-ratio (e.g., Wenzel roughness factor) of the polymeric
membranes. The proposed approach includes evaluation of the equilibrium static and
advancing contact angles of different non-polar liquids over the surface of the
membrane. To compare the outcomes with the conventional characterization
approach, the surface topography of the membranes using AFM has also been

measured. This study is believed to be the first study to evaluate all the surface
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wettability related parameters of polymeric membranes by solely using contact angle

analyzer.

3.1.1 Materials

Five commercially available polymeric membranes were selected as a solid
surface in this study: NFOO (NF, FILMTEC™), TS80 (NF, TriSep™), BW30 (RO,
FILMTEC™), XLE (RO, FILMTEC™) and X201 (RO, TriSep™). All these
membranes have a thin film composite structure with a polyamide film as their
topmost selective surface. Colloidal silica (Si0y) particles (SNOWTEX 20L, 40-50
nm, 20-21 wt.% suspension in water) were purchased from Nissan Chemical
Corporation (USA) and were used for fouling tests. Several non-polar liquids were
purchased from Fisher Scientific and were used without further purification as probe
liquids in contact angle tests. Table 3.1 presents the name and the main

physicochemical properties of these probe liquids.

3.1.2 Theoretical background for wettability analysis

The contact angle is defined as the tangential angle formed at the liquid-solid
interface when a liquid droplet is in contact with a solid surface. The contact angle
can also be defined as a mechanical equilibrium of three surface tension forces: solid-
air (ys4 or ¥s), liquid-air (y; 4 or y;), and solid-liquid (ys;) interfacial tensions, as
shown in Figure 3.1a. Considering a sessile liquid droplet over a surface, three
different contact angles can be defined, namely equilibrium static (6s), advancing
(844) and receding (g, ) contact angles which are illustrated in Figure 3.1(b-d) [83].
The advancing and receding contact angles are defined as the maximum and
minimum angles of the liquid droplet over the solid surface during the wetting and
de-wetting processes, respectively. These contact angles are measured by a steady

increment and decrement of the drop volume over the surface.
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For a liquid droplet sitting over a flat, smooth and chemically homogeneous (ideal)
surface, the correlation between the surface tension forces and the static equilibrium

contact angle can be presented by Young’s equation [46]:

YL Ccosby =ys —¥si (3.1)

where 0y is the Young’s contact angle. However, real surfaces contain both
physical and chemical heterogeneities, which affect their wettability toward
contacting liquids. For a rough surface without chemical heterogeneity, the Wenzel
model [47] correlates the static (apparent) contact angle with the surface physical

heterogeneity as [174]:

yLcos By =71(ys — Vsi) (3.2)

where 0y is the equilibrium contact angle based on the Wenzel model. The
parameters r is called surface roughness-ratio and is defined as the ratio of the actual
surface area over the projected area. According to extended Fowkes’ model, the
interfacial surface tension between a solid surface and a contacting liquid can be

presented in terms of the polar and non-polar components of surface tension

[88,90,100] :

YsL =Vs+ VL — 2 (\/n”ys” + Jn”x?) (3.3)

where the superscripts P and D denote the polar and dispersive interactions,
respectively. Polar interactions, also known as Lewis acid-base interactions,
originate from electron-donating and electron-accepting interactions such as
hydrogen bonding [100]. The non-polar dispersive interactions account for Lifshitz-
van der Waals (LW) interactions [100]. The substitution of yg; from Eq. (3.3) into
Eq. (3.2) provides the correlation between the surface tension components of a rough

surface and a wetting liquid as follows:
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cosf
n+—") =2 (Jn”yé’ + \/yf’yé’) (3.4)

Equation (3.4) simplifies more if a non-polar liquid is used for wettability analysis

f =0y, =vP):

JyL cosy = —r\fy, +2r /ySD (3.5)

It is worth noting that the wettability analysis solely based on static contact
angle fails to provide the complete information of the solid-liquid interaction for the
case of rough surfaces [42]. It is because the liquid droplet may entrap at different
heterogeneous spots (metastable states) during spreading over the surface and exhibit
a contact angle in between the advancing and receding contact angles. Therefore, the
evaluation of advancing or receding contact angles is necessary to provide a reliable

set of information on the wetting characteristics of a solid surface.

Accordingly, extending the Wenzel model to consider the advancing contact angle

yields [174]:
YL €05 0pq =7 (Vs —Vs.) — F (3.6)

where F' indicates the resistive frictional force due to the surface physical
heterogeneity [174]. For the case of a non-polar wetting liquid, employing Eq. (3.3)
into Eq. (3.6) results in:

F
JYL cosO45 = =71, [r +y_] + 2r ’yg (3.7)
L

where F /y, is termed as a non-dimensional pinning force and depends on the

molecular interaction between the liquid and solid surfaces. Equations (3.5) and (3.7)
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are the key expressions that are used in the present study to evaluate the surface
wettability characteristics. The slopes and the intersections of the linear plots of
\yLcos0 versus \/y, using Egs. (3.5) and (3.7) provide the roughness-ratio (1), the
non-dimensional pinning force (F/y;), and the dispersive component of the solid

surface tension (y2).

3.1.3 Measurement of the wettability of the membranes

The surface wettability of the membranes was evaluated by measuring the
equilibrium and advancing contact angles using a drop shape analyzer (Kriiss DSA
100E, Hamburg, Germany). For each sample, five different positions on the
membrane surface were tested, and the average value of the contact angles was
reported. The equilibrium contact angle was recorded after 25s to ensure the stability
of the liquid droplet over the membrane surface. The advancing contact angle was
measured by forming a small drop (~3 pL) and gently increasing its volume to 15

pL.

3.1.4 Characterization of surface topography of the

membranes

The surface morphology of the membranes was evaluated using AFM
(Bruker Dimension Edge instrument, model, city, country) and FESEM (Zeiss Sigma
300 VP, city, country). The AFM measurements were carried out in tapping mode in
air. The AFM cantilever had a nominal resonant frequency and spring constant of
300 Hz and 42 N/m, respectively. The AFM measurements were conducted at four
scan sizes: 5 um, 10 um, 20 pm, and 30 um. For FESEM, the samples were coated

by carbon and tested at an accelerating voltage of 10.0 kV using an in-lens detector.
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3.1.5 Characterization of fouling propensity of the membranes

Permeation performance of the membranes was evaluated using a crossflow
filtration setup (Sterlitech Co., USA). The permeation flux (Jw) of the TFC
membranes was calculated at steady state by Jw=Am/(p *XAn*xAt), where Am 1is the
mass of the permeate passed through the membrane effective surface area (4x) over
the sample collection period (Af). The hydraulic permeability (4) of the membranes
was obtained based on the slope of the linear plot of permeate flux versus
transmembrane pressure (A=AJ,/AP). The apparent salt rejection (R) of the
membranes was evaluated by R=(1-Cp/Cr)*100, where Cp and Cr are the salt
concentration in the permeate and feed (2000 ppm NaCl) solutions. The salt
permeability (B) of the membranes was calculated by B=J,,(I-R)/R. The fouling tests
were conducted at a crossflow feed velocity of 0.085 m/s, using 200 ppm of SiO>
colloids and 2000 ppm NaCl solution at pH 6.8-7.0 and 25 °C. The initial permeate
flux (Jy) of the membranes was set to 1.583x10”° m/s (57 Lmh!, LMH) by adjusting

the transmembrane pressure.

3.1.6 Results and discussion

3.1.6.1 Characterization of surface morphology by FESEM and
AFM

AFM and FESEM characterization techniques provide the visual and
quantitative information of the surface morphology. Figure 3.2 shows the top surface
FESEM images of the studied polymeric membranes. All these membranes exhibit
the so-called ridge-and-valley structure, which is a typical characteristic of the
polyamide layer of the TFC membranes [175,176]. A qualitative comparison based
on the distribution of the surface features suggests that the BW30, X201, and XLE

have almost a uniform morphology. In contrast, the NF90 and TS80 membranes
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possess several random protrusions, which make their surface more heterogeneous
than the other membranes. The nanoscale surface features of the membranes are more
noticeable in AFM images in Figure 3.3. The AFM 3D topographies illustrate that
BW30 and X201 have a nearly homogeneous surface morphology with the RMS
roughness of 50 nm and 64 nm, respectively. In contrast, the ridges and valleys are
distributed heterogeneously at the surface of XLE, TS80, and NF90, resulting in
RMS roughness of 90 nm, 91, nm and 101 nm, respectively, at the surface of these
membranes.

The random distribution of the physical heterogeneity on the surface of the
membranes in Figure 3.3 implies a strong dependency of the AFM quantifications
on the size of the tested area. To evaluate this hypothesis, the AFM measurements
were also carried out at different scan sizes of 5 um, 10 pm, 20 um. Figure 3.4

illustrates the variation of surface average roughness (R,y,4) and RMS roughness

(R;ms) of the membranes with scan size. Both surface roughness values increased
when a larger area of the membranes was mapped by AFM. The roughness of BW30
and X201 showed small variation, particularly at scan sizes of 20 pm and 30 pum,
implying the presence of a uniform and self-similar structure on the surface of these

membranes. The variation of R,,,4 and Ry, for these membranes is found to be

within 5 nm for the range of scan sizes studied. In contrast, the roughness values of
XLE, TS80, and NF90 increased consistently as the scanned area expanded which
reveals the self-affinity of the nanoscale features at the surface of these membranes.

Figure 3.5a demonstrates the variation of roughness-ratio (14p),) at different
scan sizes. Consistent with the roughness variation in Figure 3.5, BW30 and X201
showed a small variation of 7,4z, when the scan size expanded from 5 pm to 30 pm.
In contrast, the roughness factor of XLE, TS80 and NF90 slightly decreased at higher
scan sizes. In addition to surface roughness, which measures the vertical distribution
of heterogeneity, it is worth evaluating the lateral distribution of the irregularities.
This information is valuable for the characterization of fractal surfaces, which
exhibits a variety of irregular, rough and fragmented structures. In this context, it is

necessary to distinguish between self-similar and self-affine fractal surfaces. The
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former exhibits invariant surface features at different spots, while the latter has
surface structures that varies over translation and scaling [64]. Fractal geometries can
be characterized by scaling factors, known as the fractal dimension (Dguca) and
roughness exponent (H). For these geometries, the roughness characteristics (e.g.,
R,ms) follow a power law correlation with the measurement length (scan size, L),
i.e., Ryms~L [65]. Victor et al. [65] reported that the AFM power spectral density
(PSD) analysis can be used to evaluate the surface fractal dimension (Dgrcar). The
PSD plot typically represents the roughness amplitude as a function of spatial
frequency. For a 2D isotropic PSD plots, the fractal dimension and roughness

exponents are correlated as H = 2 — Dpygetar [65]- The fractal dimension can be

. . 1 : .
obtained using Dgyqctqr = 3 + %dd%;(ff), where P(f) is the power spectrum and f'is

the spatial frequency [177]. Figure 3.5b depicts the variation of fractal dimension of
the polymeric membranes at different scan sizes. The fractal dimension varied
continuously up to a scan size of ~20 um. However, after that a steady data has been
observed. This observation implies that, the transition from self-affine to a self-
similar structure occurs at a scan size of 20 pm or higher. Therefore, care must be

taken to interpret the AFM results that are obtained at a small scan size, e.g. <20 um.

3.1.6.2 Assessing nanoscale heterogeneity by wettability analysis

Figure 3.6 presents the surface wettability plots of the polymeric membranes.
The wettability data were obtained by measuring the equilibrium and advancing
contact angles of different non-polar liquids over the membrane surface and
VYL cos 6 was plotted against \/y;. Consistent with the predicted trend by Egs. (3.5)
and (3.7), the plotted data are linearly correlated for both equilibrium and advancing
contact angles. The slope of the fitted lines in Figure 3.6a gives the roughness-ratio

based on the equilibrium contact angle (r¢4,,) and the intersection with the y-axis

provides the dispersive surface tension components (y2). Similarly, the slope of the
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regression lines in Figure 3.6b provides roughness-ratio based on advancing contact

angle (1¢a,,,), as well as the magnitude of non-dimensional pinning force (:—L).

The validity of the extracted surface wettability parameters from the
wettability plots in Figure 3.6 can be examined by calculating the advancing contact
angle using experimental and theoretical roughness-ratio, dispersive surface tension
component, and the non-dimensional surface pinning force using Eq. (3.7) and the

following relation [174]:

F
C0S O4q = Tca,, COS Oy — )/_ (3.8)
L

Figure 3.7 illustrates that the calculated cos@,,; values, based on
experimentally evaluated surface wettability parameters, were in a good agreement
(£15% deviation) with the theoretical prediction. The theoretical map (grey region)
were plotted for the minimum and maximum roughness-ratio of 1 to 2.5 and the non-
dimensional pinning force between 0.05 to 0.35. These values are very close to the
experimentally extracted roughness-ratio (1.16-1.82) and non-dimensional pinning
force (0.05-0.17) which are presented in the inner panel of Figure 3.7a. Both the
roughness-ratio and the non-dimensional pinning force increase with the increase of
the surface heterogeneity. Among the studied membranes, BW30 and X201
exhibited lower pinning force which can be due to their smooth surface
morphologies. TS80 and XLE membranes showed similar pinning force and NF90
demonstrated the highest magnitude of pinning force. It is worth noting that, although
the roughness-ratio of all membranes is in the same order of magnitude, the non-
dimensional pinning force of XLE, TS80, and NF90 is one order of magnitude higher
than that of BW30 and X201. This observation implies a more significant influence
of nanoscale heterogeneity on the non-dimensional pinning force compared to
surface roughness-ratio of the polymeric membranes.

Figure 3.8 compares the values of measured roughness-ratio and dispersive

surface tension component using AFM (14 and y2 (AFM)) at different scan sizes
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versus the same parameters based on advancing contact angle analysis (1¢4,,and

¥2(CA)). Figure 3.8a illustrates a discrepancy between 10% to 25% among the 74z
and 7¢4. In all measurements, AFM provided a lower value of surface roughness-
ratio. Figure 3.8b demonstrates the values of AFM-based dispersive surface tension
components influenced significantly by scan size, particularly for NF90 and TS80,
which had larger surface heterogeneity compared to other membranes. There are two
likely causes for the discrepancies between the results of AFM and the contact angle
analysis. First, the radius of the AFM tip used in the characterization tests was in the
same order of the surface roughness (~10 nm). In this case, the tip could not possibly
reach every gap inside the ridge-and-valley structure, specifically at the sub-10 nm
scale. Second, the wet area of the liquid droplet in contact angle test is considerably
larger than the AFM scanned area. Therefore, the contact angle-based wettability
analysis provides more reliable information on surface properties particularly for the

self-affine surfaces with large surface heterogeneity.

3.1.6.3 Implication for membrane development

In order to correlate the antifouling propensity of the membranes with the
proposed model in this study, the colloidal fouling behavior of three membranes,
which possessed the highest (NF90), lowest (BW30), and middle range (XLE)
surface heterogeneity was evaluated using SiOz nanoparticle suspension. Figure 3.9a
presents the normalized flux (J/Jy) of the membranes over 6 hr filtration test. A strong
correlation between the surface heterogeneity and flux decline of the membranes was
observed. NF90 membrane, which had the largest roughness-ratio, based on both
AFM and CA measurement, showed a 25.7% flux decline due to the deposition of
silica particles on its surface. In contrast, the smoothest membrane, BW30, exhibited
a low flux decline of 14% under similar test conditions. The XLE membrane resulted
in a 23.5% flux decline, consistent with the order of its surface heterogeneity as
compared to BW30 and NF90. Figure 3.9b illustrates the correlation between the

normalized flux (after 6 hr filtration) and the roughness-ratio measured by the
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conventional AFM (rarm) analysis and the proposed contact angle-based (rca)
technique. It was found that the contact angle analysis provided a more reliable trend
of variation (R?>=0.99) compared to AFM tests (R>~0.81-0.9) between the surface
roughness-ratio and the normalized flux. It is also worth noting the AFM tests, which
were conducted at a larger scan size (e.g., 30 um), provided higher precision results
as compared to lower scan sizes (10 um).

Figure 3.10a depicts a theoretical phase diagram for a solid surface such as
a polymeric membrane in contact with water. The phase diagram maps three regions
of non-wetting (8y, = 90°), partial, and complete wetting (6, = 0°) for an arbitrary
solid surface with known polar and apolar surface tension components. The phase

plot was generated using Equation (3.4) for a solid surface in contact with water
(Y, = 72.8%1\1,]/5 = 21.8%1\],)/5 = 51 mN/m). The phase diagram demonstrates

that the five membranes are in the partial wetting region. Among them, NF90 and
XLE are close to the non-wetting region and thus show greater fouling propensity
compared to BW30. Figure 3.10b displays the wettability profile, also known as the
wettability envelope, of the membranes. The wetting envelope provides the complete
wettability condition (6, = 0°) of the membrane for an arbitrary probe liquid with
known polar and apolar interfacial tension components. The area enclosed by the
axes and the individual curve indicates the complete wetting of the liquid over that
particular membrane. The outside region indicates a wetting contact angle greater
than 0°. Therefore, a surface having a higher enclosed area shows better wettability
toward the contact liquid. Among the membranes, NF90 and XLE had the lowest
wettability envelope and thus showed greater fouling propensity. The phase diagram
and wettability envelope can provide useful guidelines for the fabrication of
membrane with tuned surface wettability and antifouling propensity for the particular

applications of interest.
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3.2 Determination of surface potential

Surface potential at the solid-liquid interfacial layer has emerged as an
important parameter to quantify in numerous surface and interface phenomena such
as adhesion, wetting, coating, colloidal stability, and particle separation
process[178—183]. Experimental techniques to determine the surface charge and zeta
potential have been explored for more than 60 years[134,184—186]. Surface charge
properties at the solid-liquid interfaces are conventionally measured by streaming
potential techniques. However, zeta potential obtained from the streaming potential
technique is not equal to the surface potential at the solid-liquid interface and this
method can be sensitive to specific ion adsorption [187—189]. Contact angle titration
is an alternative approach through which one can access the surface charge and
potential information at different pH [21,36,190-192]. To date, the contact angle
titration has been widely applied to determine the surface charge density, surface
isoelectric point, specific ion adsorption, functional group dissociation, and degree
of ionization[18,21,193,32,36,143,179,189—-192]. Hurwitz et al.[21] demonstrated a
unified approach to quantify the negative charge distribution at the interfacial layer,
and acid-base properties of the hydrophilic surfaces using contact angle titration
method. The observed surface potentials were in qualitative agreement with the data
obtained from their streaming potential measurements. However, more
comprehensive clarification still requires regarding the surface isoelectric point for
both hydrophilic and hydrophobic samples which leads us to determine the transition
between the positive and negative surface charge distribution. Isoelectric point (IEP)
or point of zero charge (PZC) can be defined at that stage of the pH titration
experiments where surface charge density is considered as zero due to the existence
of a similar number of negative and positive charges[187].

An ionizable solid surface acquires a certain amount of charge due to the
adsorption or desorption of a certain number of protons or electrons because of the
contact with an aqueous electrolyte solution. For a small drop size (~ 2 ul), two

different information can be obtained based on the type of electrolyte
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solution[32,143]. Buffered solution provides the extent of ionization (o), and
unbuffered one provides the information on the available surface functional groups
to interact with the hydroxide ions available in the electrolyte drop. Contact angle
titration experiments often provide the information of IEP where a maximum
magnitude of contact angle can be observed[191-193]. However, each of the
previous works either focused on hydrophobic[194,195] or hydrophilic[21,190]
surfaces. The contact angle measurement techniques were also varied, e.g., either
sessile drop or captive bubble measurement techniques. However, for a complete
understanding of the contact angle titration experiments, and proper comparison
between the results it is required to perform similar measurement techniques. The
outcome of these contact angle titration experiments over the same sample might be
disparate if different measurement method has been followed [196]. Furthermore,
the characteristics of the solution, and the surface are also essential since the
experimental results highly depend on the drop shape (drop-solid interfacial contact
area), surface roughness, and solution ionic strength. The ionic strength of the
electrolyte solution should be in the order of ~50 mM to avoid the effects of the
electric double layer [32,190]. It is worth noting that even though all the experiments
are required to be performed under saturated vapor conditions, it is not possible to
completely neglect the effect of evaporation which results in a decrease of the contact
angle despite the repeatability of the experimental data[32,197,198]. To circumvent
this problem, under-liquid (non-polar oil) contact angle titration can be an
alternative. One can argue are there any significant variation between the under-
liquid and in-air contact angle titration experiment while quantifying the surface
potential?

In this section, an attempt has been made to establish the methodology for the
quantification of surface potential by contact angle titration technique. The
experiments have been performed for three different surfaces hydrophilic (6.< 65°),
weakly hydrophilic (65°< 6. <90°), and weakly hydrophobic (6.~ 90°) cases for in-
air and under-liquid conditions. Three different theoretical frameworks have been

explored namely Holmes-Farley[32], Lippmann[199], and Gibbs adsorption[189]
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equation with appropriate modifications. All the obtained contact angle titration
results are also with the zeta potential data using Smoluchowski equation[188]. For
all the cases, the observed in-air measurement deviates more than the under-liquid
measurements. The results of this study demonstrate that the physicochemical
property of the solid-liquid interface can be meticulously estimated using a single
analytical parameter, e.g., contact angle measurement.

Figure 3.11 shows a conceptual illustration of the contact angle titration
technique in air and under-oil condition. The contact angle of the electrolyte drop
depends on the ionization state of the surface functional groups. Due to the ionic
concentration of the electrolyte solution, and the presence of surface functional
groups, an electric double layer (EDL) will be formed. The EDL consists of two
different planes namely stern plane, and shear plane [188,189]. The potential at the
stern plane can be considered as surface potential, and at the shear plane can be
termed as zeta potential. Here, we demonstrate that under-oil contact angle titration
can provide better accuracy to characterize the surface potential which can be

comparable with other available measurement techniques.

3.2.1 Materials and methods

The surface wettability of the samples (microscopic glass slide, Fisher
Scientific, Canada, Polyamide-BW30, RO, FILMTEC™, USA, and Polypropylene
film, Anton Paar, GmbH, Austria) was evaluated by measuring the equilibrium
contact angles using a drop shape analyzer (DSA 100E, KRUSS GmbH, Germany).
A distortion-free glass cuvette (SC-02, KRUSS GmbH, Germany) was used to
generate a saturated environment. The cuvette was partially prefilled with DI water
(for in-air measurement) with placing the sample inside on a holder. This cuvette was
then sealed with Parafilm to create a saturated environment [81]. We further kept the
cuvette sealed no less than 24 hours and assumed that a saturated environment was
obtained. For under-oil measurement, the cuvette was filled with oil (n-Hexadecane,

99% purity, Fisher Scientific, Canada) instead of the electrolyte solution. For each
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experiment, a ~2+0.1 pL droplet was placed on the surface, and the equilibrium
contact angle was recorded after 1 m to ensure the stability and equilibrium of the
liquid droplet over the sample surface. All the presented experimental data are
repeatable as every data point corresponds to an average of more than three different
events within a 10% deviation. We measured the surface tension of the electrolyte
drops using pendant drop techniques [200]. The concentration of buffered and
buffered solutions were 50 mM and the preparation procedure can be found
elsewhere[18,21,32]. We performed the streaming potential measurements using an
Electro-kinetic Analyzer (SurPASS™ 3, Anton-Paar KG, Austria). The solution pH
was adjusted by the addition of NaOH or HCI to the DI water (Milli-Q Synthesis,
Millipore, Germany) or NaCl solutions. We measured the surface roughness using
the atomic force microscopy technique (AFM). The surface morphology of the
samples was evaluated using the atomic force microscopy (AFM) technique
(BRUKER Dimension Edge™, USA). The AFM measurements were carried out in
tapping mode in air with a nominal resonant frequency and spring constant of 300
Hz and 42 N/m, respectively (refer to section B 1.1.1 of the Appendix).

We initially quantify the surface charge density (o) at different pH from all
the three theoretical approaches explored in this study. The surface potential (ys) can

then be calculated from the Grahame equation as follows[187,188]

s
= 0. —_— 3.9
g=0 117\/Esmh51.4 (3.9)

where ¢ is the concentration of the electrolyte solution, s is the surface potential
at the stern plane of the diffuse double layer.

Surface functional groups can undergo ionization or dissociation based on
pH of the solution. The samples considered in this study contain different types of
functional groups. For example, glass contains silanol (—SiOH) groups, and the
polyamide membrane sample mostly contains free carboxylic acid groups (R-

COOH) with a mixture of amides and free amines (—NH>). In contrast with these two
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samples, the polypropylene sample mostly contains nonionizing surface groups
(—CH3CH-). Holmes-Farley et al.’s [32] and Hurwitz et al.’s [21] unified approach
can be utilized to obtain the correlation between surface ionization states and surface

charge density from the contact angle titration experiment.

—e[R—-0" cos 0,y — cos @
O = Oyt = ( [ ]> < pH pH1 ) (3.10)
T €os 6,13 — COS Oppq

where o is the surface charge density, a is the extent of ionization, e is the
electronic charge, [R — O~] is the concentrations (per unit area) of surface acidic
groups, r is the Wenzel roughness ratio, and 6 is the contact angle at different pH.
The subscript ‘max’ denotes as ‘maximum.’ It is worth noting that this method
utilizes both the buffered and unbuffered contact angle titration plots. The buffered
solution can provide the information of the surface ionization state («), and the
unbuffered one provides the information on the concentration of the surface acidic
groups. The exact concentration of the acidic groups can be calculated from the solid-

liquid interfacial contact area.

We assume that the liquid interfacial tension and solid surface tension do not alter
due to the variation of pH. This can further allow us to apply combined Gibbs
adsorption[189] and Young equation[46] as follows

_ d(cosbpy) Fypy
d(pH) 2.303RT

(3.11)

where F is the Faraday constant (96500 C.mol™), R is the molar gas constant, T
is the system temperature, and yp,, is the interfacial tension between the drop and

the surrounding medium. It is worth noting that for this study we experimentally

d(cosOpp)
d(pH)

the buffered solutions (Figure B 1.2 of the Appendix).

obtained the term directly from the contact angle titration experiments of
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Furthermore, we can employ the Young-Lippmann[46,199] equation to quantify

the surface potential as follows

Ypm (cos O,y — cos Ojgp) = 0.006+/c (cosh 511;54

- 1) (3.12)
where 6;p is the maximum contact angle observed during the unbuffered contact

angle titration experiments.

We can also add that for all the above theories, the surface charge is considered
positive or negative based on the surface ionization state due to the adsorption of
protons or electrons from the electrolyte solution. The IEP leads us to determine this
process where one can observe the maximum contact angle. Conversely, the
streaming potential technique provides us the information on the surface potential at
the shear plane of the EDL which is known as surface zeta potential. This can be

obtained using Smoluchowski equation as follows[188]

_ AUser 1

¢ AP €gg

(3.13)

AUstr

where { is the surface (zeta) potential at the shear plane, is the streaming

potential coefficient due to the applied pressure in the cell, 77 is the dynamic viscosity
of the electrolyte solution, €€, is the dielectric constant, and k is the electrical

conductivity of the solution.

3.2.2 Results and discussions

Surface potential (1,) at the stern plane and zeta potential at the shear plane
are not exactly the same in magnitude, but they can be correlated. Figure 3.12 depicts

that the magnitude of the surface potential varies based on different calculations. We
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observe that the Holmes-Farley equation provides better approximation while
comparing it with the Smoluchowski equation (~30% variation). Young-Lippmann
equation deviates more than 80% for all the cases. It is worth noting that Holmes-
Farley (Eq. 3.10) and Gibbs equations (Eq. 3.11) are based on the concentration of
the available surface functional groups to interact with the electrolyte drop. We
calculate the surface charge density considering the exact solid-liquid interfacial
contact area in case of Holmes-Farley equation, while in case of the Gibbs equation,

we determine this from a sigmoidal fit approximation fitting of the cos 6,y vs. pH

curve (refer to section B1.1.2 of the Appendix). This curve leads us to determine the

d(a@) _ d(cosOpp)
d(pH) d(pH) ’

approximate surface ionization state (o), i.e., we can write

1
€osOpp13—COS OppH1

where A = . Conversely, Young-Lippmann equation determines the

surface charge density based on the maximum contact angle observed at the surface
IEP. Hence, the obtained surface potential deviates based on the approximation of
the derived parameters. Gibbs equation and Y oung-Lippmann equation deviates even
more in the case of BW 30 polyamide samples (Figure 3.12b) which contains
complex surface chemistry than the glass surface (Figure 3.12a). However, we
observe that under-oil contact angle titration experiments provide better accuracy
than the in-air measurements. A likely explanation can be the effects of drop

evaporation at the initial stage of the in-air, i.e., saturated vapor experiment.

We observe nearly constant drop-medium interfacial tension at different pH. The
obtained interfacial tension was 72.3 mN 0.5 mN in air, and 50 mN +0.3 in
hexadecane medium. The streaming potential measurement of the polypropylene
film showed that (Figure 3.13c¢) the surface zeta potential varied from 9 mV to -58
mV with an isoelectric point at pH 3.5. However, the contact angle titration
experiments of the polypropylene film did not show any significant variation at
different pH in both cases, i.e., in-air, and under-oil measurements (refer to
supplementary information). Interestingly, we obtain a slightly higher contact angle

at pH ~3 which may correspond to the surface isoelectric point. Thus, the contact
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angle titration experiment cannot provide surface potential information ionizing

surface groups are absent.

The contact angle variation due to pH is shown in Figure 3.13 for in-air and
under-oil measurements. We observe similar types of pH dependency over contact
angles though there are significant variations in magnitude. The contact angle
generally decreases due to the evaporation effects [197,198]. Even though the
saturated condition has been maintained, still a certain decrease is inevitable which
can be demonstrated from the previous contact angle titration experiments[32,190].
Moreover, under-oil experiments are performed based on the assumption that the
electrolyte drop completely removes the surrounding oil from the solid surfaces
which might not be strictly maintained. These can be the likely explanation of
observed higher under-oil contact angle. Contact angle experiments of the
unbuffered solutions show that the breakpoint of the curves is at pH ~7.5. This
indicates that at this point the number of surface acidic functional groups are equal
to the number of solution hydroxide ions. We did not observe any significant
variation for the hydrophobic polypropylene samples (Figure 3.13¢) for both in-air
and under-oil measurements. Interestingly, we observed a maximum contact angle at
~pH 4 for both cases which can be identified as IEP. The streaming potential
measurement also indicates a similar [EP (~ pH 3.5). We observe a large variation of
zeta potential from the streaming potential measurements ranging from 10 mV to -
60 mV. This may be attributed to the adsorption and accumulation of higher

hydroxide ions (OH") over the surface during the streaming potential measurements.

Similar cases for other hydrophobic material (e.g., Teflon) was observed in
previous literature [194,195]. These observations support that we can only obtain the
IEP for the hydrophobic cases or surfaces having lower reactivity with water.
Relation between wettability and surface charge distribution at different pH of the
hydrophobic surfaces is still a disputable topic in recent years [194,195,201,202]. It
is worth noting that different analytical techniques give information on different

layers of thickness of the solid surface. Sometimes surface functional groups remain
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such layer of thickness that no considerable effects over wetting has been observed,
and thus inaccessible to reagents in the solution [18]. The portion of the solid where
these types of interactions are observed can be termed as ‘sub-6’ interphase. This
interfacial layer is less well-defined compared to those layers associated with the
available analytical techniques. Thus, much caution should be undertaken while

comparing the similar parameters obtained from different analytical techniques.

3.3 Summary

The impact of surface nanoscale physical heterogeneity on the wettability of
polymeric membranes is still elusive. Conventional wettability analysis includes
quantifying the membrane surface roughness using AFM followed by measuring the
apparent equilibrium contact angle of DI water over the membrane surface. Here, a
novel experimental approach is presented, solely based on contact angle analysis, to
elucidate the impact of surface heterogeneity on the wettability of polymeric
membranes. The proposed approach involves the evaluation of equilibrium and
advancing contact angles of at least three non-polar liquids over the membrane
surface. Using this information, the wettability parameters including the surface
roughness-ratio, frictional pinning force, and the dispersive surface tension
component of the polymeric membranes were successfully quantified. The
comparison with the conventional approach showed that there are 10% to 20%
discrepancies between the AFM-based and contact angle-based wettability
parameters. The results revealed that the AFM measurements strongly depend on the
size of the scanned area, particularly for samples with large surface heterogeneity.
Furthermore, the water flux decline due to colloidal fouling was found to be in good
agreement with the results of our proposed model. This study can provide new
insights into developing advanced membrane materials with desired surface
wettability and antifouling property.

This chapter have further demonstrated that surface potential can be

quantitatively determined by under-liquid wettability measurements without any
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adjusting parameters. This quantification technique is exemplified using three
different surfaces containing different surface chemistry, and obtained comparable
results considering other analytical techniques, e.g., streaming potential. The
experimental results reveal that surfaces containing reactive functional groups are
excellent candidates for these types of analyses. The under-oil sessile drop contact
angle titration experiments provide the first direct measurement of surface potential
with better accuracy than in-air experimentation. This in turn discards the
experimental complexity of the captive bubble as well as saturated vapor condition
measurements. This study sheds light on the nature of surface specific ion adsorption
and its subsequent effects on wettability related parameters such as adhesion, and

surface tension.
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Figure 3.1: Illustration of (a) a sessile droplet over a smooth and chemically homogeneous
(ideal) solid surface. Oyis the equilibrium contact angle based on Young’s equation; (b)
equilibrium static contact angle (6s) of a liquid droplet over a real surface with physical
and chemical heterogeneity; (c) advancing contact angle of liquid droplet while spreading

over a real surface; and (d) receding contact angle of a liquid droplet while retreating from

a real surface.
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Figure 3.2: FESEM images of (a) BW30, (b) X201, (c) XLE, (d) TS 80 and (e) NF90. All

the membranes have a polyamide selective layer with a ridge-and-valley structure. The
BW30, XLE, and X201 exhibit conservatively a more uniform surface morphology
compared to the NF90 and TS80 membranes.
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Figure 3.3: AFM surface topography of the polymeric membranes. The horizontal axis

represents the scan size (30 um), and the vertical scale represents the feature height (um).
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Figure 3.4: Variation of (a) average surface roughness (Ra) and (b) RMS roughness (R )
with scan size. The roughness of BW30 and X201 varied slightly at different scan sizes.
In contrast, a higher magnitude of surface roughness was quantified for XLE, TS80, and

NF90 at larger scan sizes.
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Figure 3.5: (a) Variation of the roughness-ratio obtained by AFM at different scan sizes.
The roughness-ratio decreased as the scan size expanded; (b) Variation of fractal
dimension (Drractal) €xponents at different scan sizes. The fractal dimension of the
membranes varied up to the scan size of ~20 pm, and then remains steady higher scanned

arca.
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Figure 3.6: Surface wettability plots of polymeric membranes. Linear correlation of
VYL cos 0 versus +/y;, is observed for both equilibrium and advancing contact angles. The
slope and y-axis intersection in panel (a) provide the r¢,,, and v®, respectively. Similarly,
the slope of the linear fit and the intersection with the y-axis in panel (b) gives the r¢,4 , ;and

the F /y;, of the polymeric surface.
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Figure 3.7: (a) validation of experimentally extracted 1¢,,, and F/y, with theoretical
relation to predict the advancing contact angle (cos 8,4,4). All the calculated contact angles
were in good agreement with the theoretical prediction (grey map); (b) validation of
experimentally extracted y2 with theoretical relation to predict the advancing contact
angle (cos 8,4). The calculated contact angles were within the range (grey map) predicted

by theoretical relation.
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Figure 3.8: (a) The comparison of the roughness-ratio obtained by AFM and contact angle

analysis. The results reveal the presence of 10% to 25% discrepancies between the

roughness-ratio predicted by AFM and the wettability analysis. (b) Variation of dispersive

surface tension components due to the variation of roughness factor (rarm) obtained at

different scan sizes from the AFM analysis.
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Figure 3.9: (a) Normalized flux decline versus time for three different membranes: BW30,

XLE, and NF90. We observe a strong dependency of flux decline with respect to surface
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surface roughness-ratio (r). Correlation between the roughness-ratio of the membranes,

evaluated by conventional AFM test and the proposed CA-based methods.
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Figure 3.10: (a) Phase diagram of the wettability of the membrane surface with water.
Among the tested membranes, NF90 and XLE membrane were close to the non-wetting
region while the BW30, X201, and TS80 were in the partial wetting region. (b) Wettability
envelope of five different membranes. BW 30 shows a larger wettability envelope which
indicates a better wettability profile toward contact liquid. NFOO shows the lowest

wettability envelope which agrees with its higher fouling propensity.
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Figure 3.11: Schematic diagram and experimental methodology. (a) Conceptual
demonstration of adsorbed cation and electric double layer (EDL) formation due to the
surface functional groups containing the negative charge. Due to EDL formation, two
different planes can be identified namely stern plane, and shear plane. The thickness of the
electric double layer (also known as inverse Debye length) is solely the function of the
solution, more specifically ionic concentration of the solution. For contact angle titration
experiments, this layer should be controlled in such a way so that ionic strength effects over
the contact angle (6.) and liquid interfacial tension (yv) is insignificant. (b) Experimental
evidence of the under-oil (Hexadecane) pH dependency over contact angle for a polyamide

sample.
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Figure 3.12 Quantification of surface potential and comparison between the streaming
potential and wettability method for (a) glass, and (b) BW 30. We observe reasonable
accuracy for Holmes-Farley [32] and Gibbs equation [189]. Young-Lippmann
equation[46,199] deviates more than 80% for surfaces having complex surface chemistry
such as polyamide BW 30 samples. Under-oil contact angle titration experiments exhibit

better accuracy in comparison with the in-air measurement.
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Figure 3.13 Wettability of buffered and unbuffed solutions for (a) in-air, and (b) under-oil

measurement. In-air experiments exhibit a lower contact angle for both Glass, and BW 30

samples. A likely explanation is the evaporation effects or a thin layer of oil layer over the

solid samples. However, despite the change of the surrounding medium, we observe similar

types of pH dependency over the contact angle for all the cases. (¢c) Wettability of buffered

solution for hydrophobic polypropylene sample. We did not observe any significant variation

for any cases; however, we observe a maximum contact angle at pH ~4. Zeta potential results

from the inset image leads us to correlate this point to the surface IEP (pH ~3.5).
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Table 3.1: Properties of the probe liquids

Measured
Molecular ~ Surface Solubility  Boiling
o Chemical Density . ) surface ~ Viscosity )
Liquid weight tension in water point
formula  (g/mL) tension (mPa. s)
(g/mol)  (mN/m) (g/L) §®)
(mN/m)
1,4-
C4HsBr2 1.81 215.92 40.86  38.0+0.5 1.91 insoluble 63
Dibromobutane
1,2-
C2H4Br2 2.20 187.90 39.79  37.0+0.5 1.78 4.04 131
Dibromoethane
Diiodomethane CHzl» 3.32 267.84 50.80  50.0+0.5 2.77 1.24 181
1,5-
CsHiolz 2.2 323.94 4554  36.0+£0.5 7.92 insoluble 128
Diiodopentane
1,4-Diiodobutane C4Hslz 2.35 309.92 47.00  44.0+0.5 6.46 insoluble 108
1,3-
CsHel2 2.58 295.89 47.87  45.5+¢0.5 5.89 insoluble 111
Diiodopropane
1,6-diiodohexane  Cg¢Hi2l2 2.05 337.97 4449  39.5+0.5 6.76 insoluble 123
1,1,2,2-
C2H:2Br4 2.96 345.66 48.71 46.5+0.5 9.16 0.63 119
Tetrabromoethane
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Chapter 4 *

New insights into the predication
of adaptive wetting of a solid
surface under a liquid medium

The material of this chapter has been under revision as Md ~ Farhad Ismail, Behnam
Khorshidi, and Mohtada Sadrzadeh, New insights into the predication of adaptive wetting of
a solid surface under a liquid medium. Journal of Colloid and Interface Science, 2020.
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4.1 Introduction

The interfacial properties, such as wettability and surface tension of a surface,
can control many natural and industrial processes which involve coating, adhesion,
adsorption, preparation of suspensions and emulsions, flotation, and oil recovery
[13,203]. Some of such applications require a good wetting and adhesion between
the liquid and the solid surface, whereas some others demand poor adhesion or
repellency. The adhesion or repellency is not only limited to the interaction between
a single solid and liquid in a dry surrounding system such as air, rather in many cases
more than one liquid is involved with the solid surface. Solid wettability towards a
liquid in the air can be quantified by the contact angle resulted from the balance of
three forces, i.e., the surface tension of solid, liquid, and solid-liquid interface [46].
However, wetting and spreading of a liquid drop (D) over a solid surface (S) under a
liquid medium (M) are the consequence of the physiochemical interactions of the
two liquids with the surface. However, interfacial interactions between the two
liquids themselves must also be accounted for. Figure 4.1a illustrates a framework
of the under-liquid wetting of a solid surface. The contact angle (8sup) is the
combined effects of three interfacial tensions: solid-drop (ysp), solid-medium (ysw),
and drop-medium (ypum). However, the wetting and spreading scenario in an under-
liquid system is more complex than in air medium. For the under-liquid wetting, two
different cases can be considered: formation of a thin layer of liquid medium over
the solid surface (Figure 4.1b), and/or molecular rearrangement of the solid surface
(Figure 4.1c). Several studies focused on exploring this under-liquid wettability
determination utilizing one of these three assumptions, as shown in Figure 4.1.

Nevertheless, there are no direct methods to measure the solid surface
tension; rather it can be quantified by the interaction of some specific probe liquids
with the solid surface. Girifalco-Good [204,205], Fowkes [87,88], Owens-Wendt
[90], and van Oss-Chaudhury-Good [40,100] proposed different methods to quantify
solid surface tension. The concept underlies all proposed methods includes

quantification of the interfacial interactions in terms of various components, such as
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dispersive (ys”), polar (ys), electron-acceptor (ys'), and electron-donor (ys)
interactions. However, these interpretations are developed based on the contact angle
measurements in the air medium. It is more challenging to apply such methods for
adaptive surfaces which can change their surface properties based on the external
stimuli, e.g., temperature, or the presence of a liquid [76,206-209]. Numerous
attempts have been employed to determine the applicability of such techniques in an
under-liquid system [210-216]. Bartell and Osterhof [210] first anticipated the
wettability of non-polar organic liquids over powdered silica and carbon surfaces
immersed in water medium. They employed Young’s equation [46] to determine the
contact angle and adhesion work between the organic liquid and the solid surface in
the water medium. They concluded that in a two-liquid system the solid surfaces had
the tendency to interact more with that liquid, which could generate greater work of
adhesion. Tamai et al. [211] and Schultz et al. [214] later proposed a new method to
determine the under-liquid surface wettability. Both studies used Owens-Wendt
equation [90] along with Young’s equation to determine the under-liquid surface
tension of a solid surface. They reported that solid dispersive surface tension
components could vary due to the surrounding medium. However, both studies did
not report the polar surface tension components of the solid. To address this issue,
El-Shimi et al. [212] later developed a theoretical framework to predict the
wettability of polar solid at underwater condition and employed similar theoretical
framework as proposed by Tamai et al. [211] and Schultz et al. [214]. Their observed
results were in somewhat reasonable agreement only for the non-polar probe liquids.
Similar to El-Shimi et al. [212], Schultz et al. [208] also conducted another study
considering polar liquid as a surrounding medium. They concluded that surface
tension cannot be the intrinsic property of the solid. Binks et al. [215] developed a
theoretical framework to determine the contact angle of water drop over polar
surfaces under different polar and non-polar oil medium. However, they considered
surface tension as the intrinsic property of the material. Their experimental results
showed good agreement for a wide range of non-polar oil medium, but they reported

more than 30% deviation for the polar oil medium. Under-liquid wettability was
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further explored by Jung et al. [117] who investigated the applicability of Wenzel
and Cassie-Baxter equation for flat and micro-patterned surfaces. A recent study of
Trinavee et al. [216] explored the applicability and modification of Young’s and
Owens-Wendt equations for a wide range of polar and non-polar oil drops over polar
solids. They assumed a thin layer of film over the solid surface (Figure 4.1b). They
concluded that solid surface wettability is anomalous under-liquid conditions, which
requires modifications of current theories with detailed experimentation.

Although extensive research has investigated the under-liquid wettability, no
developed theoretical framework can predict the solid-liquid-liquid wettability when
all the involved phases exhibit polarity. In this study, we have developed a theoretical
framework to determine all the solid surface tension components under-liquid. The
proposed theoretical framework considers the influence of the surrounding liquid.
We further proposed a new two liquid approach, e.g., one polar and one non-polar
liquid to determine the under-liquid solid surface tension components. To validate
the outcomes, we compared the predicted results with the experimental ones for
various polar and non-polar liquids. Finally, we conducted a parametric study to
determine the effects of medium surface tension components on the wettability of
any solid. To the best of our knowledge, this is the first study to quantify all the solid
surface tension components (dispersive, polar, electron-donor and electron-acceptor)
considering the effects of polarity involved in the solid-liquid-liquid wettability

conditions.

4.2 Theoretical approach

In this section, the theoretical framework for evaluating the underwater
wettability of a solid surface is presented. The modeling includes the determination
of the surface tension of the solid sample in air and underwater. Figure 4.2 presents
a schematic of the wettability components in different media. It is worth noting that
the solid surface tension under a liquid is shown by ys+ to be distinguished from the

solid surface tension measured in air (yg). Due to the formation of a thin layer of
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surrounding medium on the solid surface, as well as possible molecular
rearrangement at the solid-liquid interface, the surface tension of a solid under a

liquid can be different from that in air.

4.2.1 Determination of solid surface tension in the air

When a liquid droplet is placed on a solid surface in air, there will be a
balance between the three different interfaces, i.e., solid-air (ys4 or ys), solid-liquid
(vst ), and liquid-air (yz4 oryz) interfaces (Figure 4.2a). These three interfaces come
together with an angle at the point of contact which is defined by the well-known

Young’s equation [46]:

Y1 €0S OsaL, = Ys — Vs 4.1)

where Og,1, is the contact angle between solid-droplet in air medium. To
determine the solid surface tension (ys) by Young’s equation one needs to obtain the
solid-liquid surface tension (ysz) [40]. For this, Dupre [85] and Fowkes [40]
equations can be utilized. Dupre [85] introduced the concept of free energy of
adhesion (AGs; =ysi- vs- y.) and Fowkes introduced the concept of dispersion (yP)
and polar (y) surface tension components for the solid-liquid interface in air. The

generalized Fowkes equation can be written for two different phase o and B as:

Yag = Ya + Vg — 2 ( [YRvp + /YEVE) (4.2)

The a-B pair can be solid-liquid (ys;,), liquid-air (y,), and solid-air (ys). For

these cases, Fowkes equation can be re-written as follows:

Ysi = Ys + YL — 2 ( /YEVSD + /vaE) (4.3)
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Eq. 4.2 is also known as Owens-Wendt relation [40]. It is worth noting that
the total surface tension of solid (ys) is the sum of the surface tension components,
ie., y =yP +yP. The combination of all these Equations results in a relation

between the surface tension components of the solid and liquid as:

YL(1 + cosBgay) = 2 ( /YEYSD + ,/YEY?) (4.4)

There are two unknown solid surface tension components (i.e.,yS and y%) in
the above equation, and thus at least two probe liquids are required to determine these
parameters. In the present work, we used water and dilodomethane are used as polar
and non-polar liquids, respectively, to determine the unknown surface tension

components of the solid samples.

4.2.2 Determination of solid surface tension under-liquid

Compared to wettability analysis in air, the under-liquid wettability analysis
involves additional interactions between the probe liquid and the medium, as well as
the medium and the solid surface. When a liquid droplet is placed on a solid surface
in a liquid medium rather than air (Figure 4.2b), Young’s equation can be modified

as:

YpMm €0S Os*Mp = Ys*M — Ys*D (4.5)

where 0-p 1s the contact angle between solid-droplet in liquid medium, yg-y
, Ys*p> and ypy are the interfacial tension of solid-medium, solid-droplet, and droplet-
medium, respectively. The Dupre equation for the solid-liquid-liquid interface can
be modified as follows. AGs*mp = Ys*p — Ys*m — Ypm- Lhus, for a typical wettability
case of a solid surface underwater medium (W) with an oil droplet (O), the

combination of Egs. 4.2 and 4. 5 can be written as follows:

100



Yow (1 + cos Bs+wo)
=2
Yw (4.6)
+2 (\/YSD*YB + \/YSP*YS - \/YSD*Y\?V - \/YS*V\% - \/VBV\‘?V - \/YBV\‘?V)

Eq. 4.6 considers all the possible interactions for the wettability analysis of a
solid underwater. Similar to Eq. 4.3, there are two unknown polar and dispersive
surface tension components (i.e., yg* and y@), which can be obtained by solving two
equations. In the present work, we determined the underwater surface tension of the
solid samples using two probe liquids and validated the predictions with different
pairs of polar and non-polar liquids. A list of the probe liquids with their main
properties is presented in Table 4.1.

Eq. 4.6 can be further expanded to provide more details on the polar surface
tension component. According to Van Oss et al. [100], the polar surface tension

component (also can be termed as an acid-base component) can be presented in terms

of electron-acceptor (y ), and electron-donor (y ~) components as: y* = Z(w/y+y‘).
Therefore, Eq. 4.6 can be modified as:

Yow (1 + cos Bs+wo)
= 2Yw

+2 <\[y2*v8 + \/vz*va + \/vg*vs - \/vs"*vav - \/vé*vcv - \/vg*v% (4.7)
- \/YBYVDV - \/YSYJV - \[vaﬁv)

Eq. 4.7 can now be utilized to determine the dispersive, electron-acceptor,

and electron-donor components of solid surface tension underwater or any other
liquid. To determine the three unknown solid surface tension components (i.e., Y2,
Yo, Y5+), three different probe liquids can be utilized to provide three relations for

the interactions in the solid-medium-droplet system. It is to be noted that in the
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present study we utilized the Young-Dupre equation in combination with the

Fowkes[87] approach.

4.2.3 Determination of oil surface tension components

underwater

The surface tension components of a probe liquid droplet underwater medium

can be obtained using the generalized Fowkes equation as:

Yow = Yo + Yw — 2 (JYBY\'?V + JYBYEV) (4.8)

The oil and oil-water interfacial tensions (yg and yow) can be determined
experimentally. The dispersive and polar surface tension components of the probe
oil droplet can then be written as follows. Yo = Y3 + v§. We can now determine the
surface tension components of the probe liquid by simultaneously solving these two

equations.

4.3 Experimental details

4.3.1 Materials

In the present work, we evaluated the under-liquid wettability of three
substrates: microscopic glass slide (Fisher Scientific, Canada), poly (methyl
methacrylate) (PMMA) (Fisher Scientific, Canada), and polytetrafluoroethylene
(PTFE) (Thermo Fisher Scientific, Canada). Seven polar and non-polar liquids were
purchased from Fisher Scientific and used as probe liquids without further
purification. Table C1.1 presents the name and the main physicochemical properties

of the probe liquids.
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4.3.2 Wettability analysis

The surface wettability of the membranes was evaluated by measuring the
equilibrium contact angles using a drop shape analyzer (DSA 100E, KRUSS GmbH,
Germany). Glass and PTFE samples were first cleaned by sonicating in ethanol in an
ultrasonic bath, and then washed with deionized water for 5 min. The PMMA
substrates were cleaned with hexane and then rinsed with DI water for 5 min. After
that, the samples were dried with nitrogen gas. For each experiment, a 3+0.1 pL
droplet was placed on the surface, and the equilibrium contact angle was recorded
after 25s to ensure the stability and equilibrium of the liquid droplet over the sample
surface. For all samples, the contact angle at five different positions of the surface
was measured and the average value was reported. All the presented experimental
data are repeatable as every data point corresponds to an average of more than three

different events within a 10% deviation.

4.3.3 Measurement of interfacial tension of the probe liquids

In the present work, we measured the polar and non-polar surface tension
components of the probe liquids using the pendant drop technique [200]. For the
underwater liquid interfacial tension measurements, a cuvette was filled with water
and a needle of 1.8 mm diameter was used for the formation of a pendant drop. The
reported interfacial tensions are the average of five measurements. Table 4.1
presents the obtained interfacial tension and the dispersive, and polar surface tension

components of the probe liquids.
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4.4 Results and discussions

4.4.1 Surface topography of solid surfaces

Wettability, in general, depends on surface physical topography [15] as well
as the surface chemical composition [217,218]. The physical heterogeneities change
the surface roughness, and chemical inhomogeneities vary the surface tension [108].
Therefore, it is necessary to evaluate the contribution of surface roughness on
wettability before determining the solid surface tension. Figure 4.3 shows the 2D
surface topography of the glass, PMMA, and PTFE surfaces.

All the solid surfaces posses a smooth and uniform surface structure visually.
Table C1.2 presents the average roughness (Ravg), root mean square roughness (Ryns),
and Wenzel roughness ratio (7). Glass and PMMA samples showed sub-10 nanoscale
surface roughnesses, whereas the PTFE sample exhibited about one order of
magnitude avearge and RMS roughness values. However, all the surfaces showed
similar surface area difference (SAD) of about zero (SAD=0) and eventually the
Wenzel roughness ratio of about one (r=1) with a standard deviation of less than 1%.
Therefore, the three solid surfaces can be considered smooth, and thus the effect of

roughness on the wettability can be neglected in the present work.

4.4.2 Evaluation of solid surface tension components in air

The polar and non-polar surface tension components of the solid surfaces in
the air were first evaluated based on Eq. 4.3 using water and diiodomethane as probe
liquids. Figure 4.4a presents the measured dispersive, polar, and total surface tension
of the solid samples. Among the samples, PMMA -air interface possessed the highest
total surface tension of 47.88 mN/m, followed by glass (32.22 mN/m), and PTFE
(19.27 mN/m). All samples had both polar and non-polar surface tension

components. Furthermore, the polar component was smaller than the dispersive
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component. This observation was quite significant for PTFE for which the polar
component contributed 2.44 % to total surface tension. The contribution of polar
components to total surface tension for glass and PMMA surfaces were 9.22% and

17.55%, respectively.

4.4.3 Determination of solid surface tension components

underwater

In this section, we utilized Eq. 4.6 to determine the surface tension
components of the solid samples underwater using diiodomethane and diethyl
phthalate as non-polar and polar probe liquids, respectively. Figure 4.4b presents the
evaluated surface tension components of the solid surfaces. For all samples, the
underwater total surface tension increased with respect to their corresponding in-air
values. Compared to glass, polymeric surfaces exhibited more significant variation
in their surface tension values with the highest increment of 215% for PTFE-water
interface, followed by 80.4% for PMMA-water, and 12.4% for glass-water interface.
A likely explanation can be the adsorption of the thin layer of the medium over the
solid surface. Due to the polar and apolar interactions at the solid-liquid interface,
molecular rearrangement and/or reorientation can also occur [206—
208,212,215,219]. Thus, the interfacial tension at the solid-medium interface will be
different than in the bulk of the solid. Moreover, a thin film of surrounding medium
over the solid surface can influence the contact of the probe droplet over the solid
surface. These two phenomena, i.e., molecular rearrangement (and/or reorientation)
at solid-medium interface, and the formation of a thin film of medium over the
surface can vary the wettability of the solid surface.

Fowkes [87,88] quantified the molecular interaction between two liquid (L;-
L) interfaces where the interfacial tension of each layer would be vy, —

0.5 . .
(yLDiPyLD;p) . We can further demonstrate these molecular interactions for general

solid-liquid-liquid systems. If one condensed phase such as a solid surface S comes
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in contact with a liquid L1 under another liquid medium L, then the spreading of the
liquid L over solid S will be dependent on the work of adhesion (Ws,;,) between
the three interfaces namely vg;,, Vs, and v, [220], where, Wy, ;. = vg, +
Yi,1, — Ysi,- This adhesion work needs to be positive (vs, + Vi1, > Ysi,) to avoid
complete wetting scenario. The molecular interactions (dispersive and polar) at the
solid interfacial layer with the contacting liquid also alter accordingly. Hence, from
the experimental findings of Trinavee et al. [216], we can demonstrate that the
contact angle of oil drop (8y) in water medium will not be equal to the
complementary contact angle for a water drop under that oil medium (180° — 6y,,)
over the same solid surface. We quantified this alteration using Eq. 4.6 which differs
from the general Fowkes approach (Eq. 4.3) applicable in the air medium.

The variation of the surface tension parameters in Figure 4.4 demonstrates
that the surface tension of a solid is a combined molecular interaction of the solid
interface with its surrounding medium, rather than being an intrinsic property of the
solid material. Therefore, it is recommended to consider the impact of the
surrounding medium for the accurate measurement of solid surface tension

parameters.

4.4.4 Validation of underwater wettability and comparison

with previous models

In the previous section, we obtained the underwater surface tension of the
solid samples using diiodomethane and diethyl phthalate. In this section, we
validated the results with five other polar and non-polar probe liquids, which are
immiscible with water, i1.e., di-n-butyl phthalate, oleic acid, castor oil, 1,4-
dibromobutane, and 1,3-diiodopropane. The probe liquids were selected to include a
wide range of densities (0.89 to 3.32 g/mL) and viscosities (1.91 to 100 mPa.s) to
ensure the universal applicability of the proposed theoretical model. Figure 4.5

illustrates the optical images of the equilibrium contact angle of the probe droplets
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with the solid surfaces underwater which include both partial wetting (0° < Og+yy0 <
90°) and partial non-wetting (90° < Os+p < 180°) regimes. The significant
variation of the underwater contact angle confirms the substantial impact of
solid/medium molecular interaction on surface tension parameters.

Based on Figure 4.5, the solid surface which had less affinity towards the
water in the air (more hydrophobic surface, e.g., PTFE) exhibited a lower contact
angle with the probe liquids underwater. This indicates that in a solid-droplet-
medium system, the drop will be in the partial/complete wetting region if the solid is
liquid medium repellent in air and vice versa. We can further classify the medium-
droplet interaction in terms of polar and non-polar probe liquids. In both cases, we
observe that lower droplet-medium (oil-water) interfacial tension results in a lower
contact angle. These observations suggest that the under-liquid wettability is a
competition of interactions between solid-medium, solid-droplet, and medium-
droplet. For instance, Figure 4.4 shows that PTFE has the lowest polar surface
tension component compared to glass and PMMA. Therefore, PTFE prefers non-
polar (or less polar) probe liquids than the surrounding water medium, which
consequently gives a lower contact angle for low polarity liquids compared to glass
and PMMA. Furthermore, glass and PMMA showed similar wettability towards
polar probe droplets such as di-n-butyl phthalate, castor oil, and oleic acid. This
observation can be attributed to comparable polar surface tension components of
PMMA and glass underwater. However, in the case of non-polar probe droplets,
PMMA exhibited lower contact angle than the glass which can be due to the larger
dispersive surface tension component of PMMA-water interface. Figure 4.6
compares the experimental results with the theoretical prediction of underwater
contact angle. We also compared the predictions of our model with the results of
Trinavee et al.’s [216] and Bartel-Osterhof equation [117,210]. It is to be noted that
the study of Trinavee et al. [216] was the first to consider the effect of the surrounding
medium for the prediction of under-liquid wettability. They proposed the modified
Young’s equation (Eq. 4.9) and the modified Owens-Wendt equation (Eq. 4.10) as
follows [216]:
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(4.9)
Yow €0S 0oy = ¥s — Y0 €0S 0pa — Yow

yOWCOSQOWZYS+VW_2JVEV£_2JV§V£_VOW (4.10)
where 0,y and 6,4 are the contact angle between solid-oil droplet in water
medium and solid-oil droplet in air medium, Yoy, , Ys, Yo, Yw are the interfacial
tension of oil-water, solid-air, oil-air, and water-air, respectively.
However, Bartel-Osterhof equation [117,210] includes contact angle
measurement of oil and water in the air medium and utilized those in under-liquid

cases. This can be written as follows [117,210]:

Yow €0S Bow = Y04 €0S Bpa — Ywa €OS Oy (4.11)

where 0oy, 804, and 8y, are the contact angle between solid-oil droplet in
water medium, solid- oil droplet in air medium, and solid-water droplet in air
medium.

It is to be noted that though all these works used under-liquid contact angle
as By, the present study represents this as Ogy,. Figure 4.6 demonstrates that the
predictions of our proposed theory which are within 15% deviation margin of the
experimental contact angles of the probe liquids over PTFE, glass, and PMMA
surfaces underwater. In contrast, the prediction of the modified Young’s equation
(Eq. 4.9), modified Owens-Wendt’s equations (Eq. 4.10), and Bartel-Osterhof
equation [117,210] deviate more than +30% for most of the experimental
observations for PMMA and glass surfaces (Figure 4.6a and 4.6b). For the case of
the PTFE surface, this deviation became even larger and exceeded +50% (Figure
4.6¢). The observed deviation can be explained by the fact that all the previous model
did not consider the possible molecular interaction between solid-medium, medium-
droplet interface, and utilized the solid-air surface tension results. It is to be noted

that among all the previous models, only the model of Trinavee et al. [216] showed
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a few considerable results of contact angle in the case of PTFE. Furthermore, we also
explored the previous literature based on the equation of state (EQS) approach
[77,221-223] for under-water wettability prediction of PTFE (refer to section C1.1.5
of the Appendix). The data measured at the PTFE-air interface (Figure C1.3a) is
consistent with the present surface tension component (STC) based approach.
However, in the case of the PTFE-water interface, no trend has been observed to
determine the solid surface tension (Figure C1.3b). Stammitti-Scarpone et al. [77]
observed similar characteristics for the PTFE-water interface. They proposed that
this value would be 55 mN/m by arbitrarily setting the curve fitting parameters. This
value is consistent with our present calculation (60.7 mN/m). We reported the
wettability prediction of Bartel-Osterhof equation [117,210] in the Table C1.5 of the
Appendix. Though PTFE is hydrophobic in an ideal case scenario, but still it has a
small magnitude of polar surface tension component as shown in Figure 4.4a. Thus,
there can be the existence of a thin layer of water medium on the PTFE surface which
was only considered by the model of Trinavee et al. [216].

We also reported the theoretical predictions proposed by El-Shimi et al. [212]
for underwater solid wettability case in Table C1.3 and Table C1.4 of the Appendix.
El-Shimi et al. [212] proposed a theoretical approach, based on two different models,
1.e., Fowkes[88] and Wu[224] models, that was used here to predict the underwater
wettability of PTFE, glass, and PMMA. We observed that none of the previous

theoretical approach can predict the solid wettability underwater.

4.4.5 Determination of electron-acceptor and electron-donor

surface tension components

The developed method of under-liquid wettability analysis was extended to
determine the acid-base surface tension components proposed by van Oss et al. [100].
We utilized Eq. 4.7 with three probe liquids (diiodomethane, diethyl phthalate, and
Di-n-butyl phthalate). Table 4.2 presents the electron donor and electron acceptor

components of the PTFE, glass, and PMMA surfaces. For all samples, the electron
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donor surface tension components are two orders of magnitude larger than the
electron acceptor component. Determination of these surface tension components
will indicate the interfacial interaction and free energy of adhesion of a solid surface

with some other surfaces (e.g., colloid) underwater.

4.4.6 Effects of surrounding medium interfacial tension on

solid wettability

The developed theoretical study (Eq. 4.6) further allows us to observe the
influence of surrounding medium over solid wettability. This can be performed by
evaluating the change in the solid wettability with varying the surrounding medium
surface tension components when all other parameters are fixed. Figure 4.7 depicts
the effects of oil-medium interfacial tension on the wettability of a non-polar oil
droplet over a non-polar solid surface. We observed that the wettability region shifts
from wetting to the non-wetting region with the increase of oil-medium interfacial
tension. For very low oil-medium interfacial tension (yom < 10 mN/m), the
complete non-wetting condition is hard to achieve. However, for high oil-medium
interfacial tension (ygm = 100 mN/m), it will be very difficult to reach even partial
wetting region. We can also explain this from Figure 4.2b. Since wettability is the
resultant of three surface tension, the higher the oil-medium interfacial tension, the
higher will be the contact angle and vice versa. We further conducted a parametric
study to understand the effects of medium surface tension over polar and non-polar
solid wettability. The outcome of this observation is discussed in section C1.1.4 of
the Appendix. The surface tension mapping in Figures 4.7 and C1.1-C1.2 provides
valuable insight into the design and fabrication of surfaces possessing a wide range
of wettabilities at different surrounding medium. Figure 4.7 also suggests that for a

fixed oil-water interfacial tension there exists a wide range of wettability cases.
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4.5 Summary

The wetting of a solid surface by a liquid droplet under a liquid medium not
only includes the solid-droplet molecular interactions, but also involves the
interfacial interaction with the surrounding medium. Such wettability adaptation
evolves either due to the formation of a thin film of the surrounding medium over
the solid surface, or the interfacial molecular reorientation of the solid surface in
contact with the wetting liquids. Here a theoretical framework is developed, and a
novel experimental approach is proposed to evaluate the solid surface tension under
liquid medium by implicitly involving the adaptation behavior of a solid surface in
the presence of another liquid. The wettability of three solid surfaces is investigated,
namely glass, poly(methyl methacrylate) (PMMA), and polytetrafluoroethylene
(PTFE), for a wide range of polar and non-polar oil droplets underwater. From the
proposed two-liquid approach, the polar and non-polar solid surface tension
components are measured. The experimental results revealed the significant impact
of interfacial tension of both droplet and the surrounding medium on the overall
wettability of the solid-droplet-medium system. The predicted results were in £15%
deviation from that of the experimental observation for all the cases. Previously

available theories, by contrast, deviated more than +£30% for all the cases.
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Figure 4.1. Outline of under-liquid wetting of solid surfaces: (a) A liquid drop (D) spreads
over the solid surface (S) under-liquid medium (M). The contact angle (B5yp) is the resultant
of three different surface tensions, drop-medium (ypy), solid-drop (ysp), and solid-medium
(Ysm); (b) A liquid drop spreading over the thin layer of the medium created on the top of
the solid surface; (¢) Molecular rearrangement of the solid surface due to the surrounding

medium and the drop contact.
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Figure 4.2 Scheme of wettability measurement of solid surface in air and under-liquid. (a)
Wetting of a solid surface (S) by a liquid droplet (D) in the air (A); (b) Wetting of a solid
surface by a liquid droplet in another liquid medium. Due to the formation of a thin layer of
surrounding medium on the surface, and/or possible molecular rearrangement at the solid-

medium interface, the solid surface tension under-liquid will be different from that in air.
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Figure 4.3 AFM surface topography of glass, PMMA and PTFE solid samples. For all the

cases, the scan size was 10 pm x 10 pm. The height variation of Glass and PMMA is within
about 5+£0.5 nm, but PTFE shows a higher variation within about 60 nm. Thus, we observe

uniform surface morphology for all the cases.
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Figure 4.5 Optical images of various probe droplets over PTFE, Glass, and PMMA surfaces
underwater. For all the cases, PTFE shows a lower underwater contact angle (<90°). This
indicates the water repellency of PTFE in a solid-liquid-liquid system. We also observe a
similar trend of polar and non-polar oil wettability. In both cases, oil droplets having lower
oil-water interfacial tension show lower contact angle, e.g., oleic acid for polar oil and 1,4-

Dibromobutane for non-polar oil.
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Figure 4.6 The comparison of theoretical prediction with experimental contact angle
observations underwater for (a) PMMA, (b) glass, and (c¢) PTFE surfaces. The proposed
theoretical model in this work exhibited good agreement with the experimental observations
within ~£15% deviation. In contrast, a large deviation (>+30%) between the theoretical
predictions and experimental values was observed in case of PMMA and Glass based on the
previously available theories [117,210,216] In case of PTFE, Trinavee et al.’s [216] theory

exhibits deviations more than +£50%. Moreover, Bartel-Osterhof equation [117,210] cannot
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Figure 4.7 Effects of oil-medium interfacial tension on the wettability for y2. = 50 mN/m,
yE.=0 mN/m, y3=50 mN/m, y§=0 mN/m. We observe that a higher oil-water interfacial
tension results in lower wettability. This indicates that from lower to higher (from 10 mN/m

to 100 mN/m for this case) oil-water interfacial tension the solid wettability shifts towards

the non-wettability region.
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Table 4.1: Interfacial tension along with surface tension components of the probe liquids.

For comparison, the surface tension of the liquids was also reported based on the correlation

in the literature at 20 °C [225,226].

Surface tension Measured Interfacial
Polar Dispersive
in air based on surface tension tension
Liquid component component
correlation in air underwater
(mN/m) (mN/m)
(mN/m) (mN/m) (mN/m)
1,4-Dibromobutane 40.86 38+0.3 33+0.2 0 38
Diiodomethane 50.80 50+0.3 38+0.2 0 50
1,3-Diiodopropane 47.87 44+0.3 36+0.2 0 44
Diethyl phthalate 36.99 35+0.5 16+0.1 9.95 25.05
Di-n-butyl phthalate 32.76 32+0.5 22.540.1 6.1 259
Oleic acid 32.8 31+1 17.5+£0.5 8.75 22.25
Castor oil 39 35+1 21+0.5 8.7 26.3
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Table 4.2: Measurement of electron acceptor and electron donor surface tension components
of solid samples underwater. The represented data is based on the £10% standard deviation

of the probe droplet wettability.

Electron-acceptor (y-) Electron-donor (yg-)
Sample in water
(mN/m) (mN/m)
PTFE/Water 0.16 261.0
Glass/Water 1.17 141.9
PMMA/Water 1.26 149.2

120



Chapter 5 °

New insights into the role of
surrounding medium
temperature on the under-liquid
wetting of solid surfaces

®The material in this chapter has been submitted as Md Farhad Ismail, Behnam Khorshidi,
and Mohtada Sadrzadeh. New insights into the role of surrounding medium temperature on
the under-liquid wetting of solid surfaces. Langmuir, 2020 (under review).
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5.1 Introduction

Surface wettability, often characterized by contact angle measurements, is
central to numerous natural and industrial processes [11,13,203,227-229].
Wettability of a solid surface depends on both surface physiochemical structure and
the conditions of the surrounding environment, such as pressure, temperature, and
ionic strength [76,117,234,235,206,215,216,219,230-233]. Effect of ambient
temperature on solid wettability has attained considerable attention for various
practical applications such as boiling, condensation, and evaporation, anti-icing, anti-
fogging, anti-fouling, transport and separation processes [73,107,236-239]. Several
experimental and numerical studies have been conducted to explore the impact of
temperature on surface wettability and surface energy of solids. However, research
on the subject has been mostly restricted to the wettability of solid-liquid-vapor
(SLV) systems, where the equilibrium contact angle of a probe droplet is evaluated
in air or vapor. Since many engineering applications deal with solid-liquid-liquid
(SLL) systems, e.g., surface cleaning and enhanced oil recovery, the research would
have been more relevant if SLL systems at elevated temperatures had been explored.

The work done by Phillips et al. [240] is among the first experimental efforts
to explore the effect of temperature on the partial non-wetting cases (8. > 90°) of
glass surface in air and under-liquid (paraffin oil) medium. They considered the
dispersive solid-drop interfacial interaction as proposed by Fowkes [88] to elucidate
the results. For all non-wetting cases, they observed no significant influence of
temperature over the contact angle in the air medium. However, under-liquid tests
showed a 15° increase in contact angle with a 50 °C temperature increment.
Schonhorn [241] later observed a trivial effect of temperature on the wettability of
polar drops, including water, formamide, and glycerol on the polyethylene surface.
Using the Fowkes approach [88,90], they proposed that high-temperature wettability
is merely a function of the interfacial tension of the spreading liquid drop. Petke et
al. [242] reported decreasing/increasing trend of advancing/receding contact angle

with temperature for polymeric materials having surface tension within 20-50 mN/m.
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The study considered several polar and non-polar probe liquids with interfacial
tension ranging from 36.5 mN/m to 72.8 mN/m. The outcome of this study indicates
that the wettability at higher temperatures is a function of both the interfacial tension
of the wetting droplet and the dispersive surface tension of the solid. Baszkin et al.
[243] reported the effect of temperature on the dispersive and polar surface tension
components of oxidized polyethylene film. They observed a decreasing trend for
both dispersive and polar surface tension components of the solid at elevated
temperatures. They also showed that solid-liquid interfacial tension increases in the
case of polyethylene-water, while it decreases in the case of polyethylene-octane.
Yuk et al. [244] investigated the effect of temperature on surface tension components
of polymer hydrogels. Using five water-immiscible probe liquids, they reported more
than 40% decrease in the surface tension of polymer hydrogels with an increase in
temperature from 10 °C to 60 °C. They attributed this result to the variation of
polymer chain conformation and mobility of functional groups of the polymer
hydrogel surface at elevated temperatures. Aydar et al. [245] studied the effect of
temperature on the wettability of polytetrafluoroethylene (PTFE) surface by Canola
and olive oils in air and steam medium. They reported a decreasing trend for both
cases. A similar decreasing trend of olive oil over metallic and polymeric surfaces
was also reported by Ashokkumar et al. [246] for a temperature range of 25 °C to
200 °C. Diaz et al. [247] conducted a theoretical study to evaluate the effects of
temperature on the wetting transition of non-polar liquid over a PTFE interface and
observed a decrease in contact angle by increasing the temperature. Villa et al. [248]
proposed two models, namely decreasing trend model (DTM) and unsymmetric trend
model (UTM), based on extended Fowkes approach [88,90], to evaluate solid
wettability at elevated temperatures. Their experimental study on water and
diiodomethane showed a decreasing trend of contact angle for PTFE, aluminum, and
nanoparticle coated glass surface. They concluded that the DTM approach could
predict the variation of the contact angle at high temperatures more accurately. Song
et al. [249] reported the change of water contact angle on stainless steel over a wide

range of temperatures from room temperature to 250 °C. They also observed a
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decreasing trend with two distinct regions, i.e., a slight decrement below 120 °C
followed by a steeper decline at higher temperatures. They suggested that such a
decreasing trend is mainly governed by the change in the interfacial tension of probe
water droplets.

Although considerable efforts have been made to evaluate the impact of
temperature on wettability and surface tension of solids, the reported studies have
been focused on the solid-liquid-vapor system. Less attention was given to solid-
liquid-liquid systems where all the three contributors, i.e., solid, probe droplet, and
the surrounding medium, may influence the overall wettability at elevated
temperatures. The present work aims to investigate the impact of temperature on
solid surface tension under a liquid medium. A ‘two-liquid approach’ is employed to
measure the surface tension of polar and non-polar solids at elevated temperatures.
A theoretical model is also developed to calculate the dispersive and polar
components of the solid surface tension under a liquid medium at elevated
temperatures. The predicted results are also compared with the proposed models in
the literature. This work is believed to be the first study that quantified contact angle
and surface tension components of polar and non-polar solid samples under a liquid

medium at elevated temperatures.

5.2 Experimental methodology

5.2.1 Materials

In the present work, we evaluated the under-liquid wettability of four solid
surfaces, namely microscopic glass slide (Fisher Scientific, Canada), silicon wafer
(Silicon Materials Inc., USA), poly (methyl methacrylate) (PMMA) (Fisher
Scientific, Canada), and polytetrafluoroethylene (PTFE) (Thermo Fisher Scientific,
Canada). The solid samples contained both polar and non-polar (dispersive)

functional groups at their surface. Deionized (DI) water was selected as the
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surrounding liquid medium for all tests. Four polar and non-polar probe liquids,
namely Diiodomethane, 1,3-Diiodopropane, Diethyl phthalate (DEP), and Di-n-
butyl phthalate (DBP), were purchased from Fisher Scientific and used without

further purification.

5.2.2 Characterization of surface wettability of solid samples

The surface wettability of the samples was evaluated by measuring the
equilibrium contact angles using a drop shape analyzer (DSA 100E, KRUSS GmbH,
Germany). A temperature-controlled environmental chamber (SC30, KRUSS
GmbH, Germany) was utilized to control the temperature of the surrounding
medium. Before the characterization test, the glass, PTFE, and silicon wafer samples
were first cleaned by sonicating in ethanol using an ultrasonic bath and then washed
with deionized water for 5 min. The PMMA substrates were cleaned with hexane
and then rinsed with DI water for 5 min. After that, the samples were dried with
nitrogen gas. For each measurement, a 3 = 0.1 pL probe liquid droplet was placed on
a solid surface underwater, and the contact angle was recorded after 1 minute to
ensure the stability and equilibrium of the liquid droplet over the surface. The contact
angle was evaluated at five different locations at the surface, and the average value
was reported. Figure 5.1 illustrates the experimental setup of the under-liquid

wettability measurement at elevated temperatures.

5.2.3 Measurement of interfacial tension (IFT) of the probe

liquids

The interfacial tension of the probe liquids was evaluated at different
temperatures using the pendant drop technique [200]. For each test, the measurement
chamber was filled with DI water, and the desired temperature was reached using a
temperature control unit (A10 bath circulators, Thermo Scientific™, Canada). A

needle of 1.8 mm diameter was used for the formation of a pendant drop. The needle
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was kept inside the chamber to assure the thermal equilibrium of the probe liquid and
water. The average of five measurements were reported as the IFT of the probe
liquids. Table 5.1 presents the measured IFT, polar and dispersive surface tension
components of the probe liquids at room temperature conditions (20 °C).
Furthermore, the surface tension of the probe liquids in air was calculated with the
proposed correlations in literature [225,226]. The other main properties of the probe

liquids were presented in Table D 1.1 of the appendix.

5.3 Theoretical model to predict solid surface tension at

elevated temperature

A theoretical model was developed to predict the variation of solid surface
tension at elevated temperatures under a liquid medium. The under-liquid wettability
involves interactions between the droplet-solid surface, droplet-surrounding
medium, as well as the interaction between the solid surface and the surrounding
medium. In a SLL system where a liquid droplet is placed on a solid surface in a
liquid medium (Figure 5.1), the interactions between the three phases can be

presented by modified Young’s equation as [250]:

Ypm €0S s+ mp = Ys*M — Ys*D (5.1)

where 6s+yp 1s the contact angle between solid-droplet in liquid medium
(85*wp for solid-water-drop case), ys*m > Ys*p, and ypum are the interfacial tension of
solid-medium, solid-droplet, and droplet-medium, respectively, at a given
temperature. The solid surface tension under the liquid is denoted as ys+ to be
distinguished from the solid surface tension measured in air (yg). Among the
unknown parameters in Eq. (5.1), only ypy, and 8g+yp can be directly measured by
experimental tests. To determine the unknown parameters we need to combine the
Dupre equation [85] and extended Fowkes equation [88,90]. The Dupre equation

[85] for the solid-liquid-liquid interface can be modified as follows. AGgmp = Ys*p —
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Ys*m — Ypm- The generalized extended Fowkes equation for two different phases of

a and P states [88,90] is given by:

Yog = Ya +Yp — 2 ( /YBYE + /YEYE) (5.2)

where the a-f pair can be solid-medium, solid-droplet, and droplet-medium.

Therefore, for a SLL system, Eq. (5.1) can be further expanded as:

Ypm(1 + cos Bg-pp) = 2y + 2 <JYSD*YB + JYE*VE - Jv?*vﬁ - \/vé’*vfa -
\/YBYII\)/I - Jv%v&)

where only the polar and dispersive surface tension components (i.e., }/5* and

(5.3)

y&) are the unknown parameters at a given temperature. Eq. (5.3) were used to
predict the surface tension components of the solid samples using two probe liquids
with known interfacial tensions under the liquid medium. Eq. (5.2) was used to
predict the IFT and surface tension components of the probe liquids. The total
interfacial tension of the probe and medium liquids (yp, and yy), as well as the
droplet-medium interfacial tensions (ypy) at different temperatures can be measured
experimentally using the pendant drop technique. Therefore, the two unknown
parameters in Eq. (5.2) can be obtained by considering that the total interfacial

tension of a phase () is the sum of the surface tension components (Y% = y§ +

¥o).

127



5.4 Results and discussions

5.4.1 Characterization of surface topography by AFM

Surface nano-scale physical heterogeneity can alter the equilibrium contact
angle of a droplet over a surface [15,48]. Therefore, it is necessary to characterize
the surface topography of the solids and consider its potential impact on the observed
contact angle. Table 5.2 presents the surface average roughness (Rg,4), oot mean
square roughness (R,ns), and Wenzel roughness-ratio () of the solid samples.
Except for PTFE which showed a high magnitude of average surface roughness
(35.00+3.0 nm), the other three solids, i.e., glass, Silicon wafer, and PMMA showed
very low surface roughness (< 6 nm). Overall, all the samples showed a Wenzel
roughness-ratio close to one (» =1) which implied that the effect of surface physical
heterogeneity was negligible on the variation of equilibrium contact angle. The 2D
and 3D AFM images of the solid surfaces were presented in Figure D1.1 of the
Appendix.

5.4.2 Determination of interfacial tension of the probe liquids

at elevated temperatures

Before studying the variation of the surface wettability of solid samples at
elevated temperatures, it is essential to evaluate the impact of temperature on the
interfacial tension of the probe liquids and the surrounding water medium. Figure
5.2 depicts the drop-medium interfacial tension (ypy) followed two opposing linear
trends with temperature depending on the polarity of the probe liquids. For the polar
probe liquids, i.e., DEP and DBP, the interfacial tension increased linearly when the
temperate increased from 20 °C to 90 °C. In contrast, for the non-polar liquids, i.e.,

DIM and DIP, the interfacial tension decreased with the increase of temperature.
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The variation of drop-medium interfacial tension (yp,,) with temperature can
be better explained based on the temperature dependency of the surface tension
components of each phase. According to extended Fowkes relation [88] (Eq. 5.2),
the drop-medium interfacial tension (yp,,) involves the surface tension of each phase

and the interactions exerted by the contacting phases at the interface, and is given by

Yo = (yg =2 /ysya) + (yg FyB =2 /ygya) (5.4)

Figure 5.3 demonstrates how the surface tension components of the probe
liquids varied with temperature. For the case of polar probe liquids, the dispersive
surface tension component showed small variation over temperature. In contrast, the
polar component decreased considerably by the increase of temperature from 20 °C
to 90 °C. Therefore, the polar interactions in Eq. (5.4), i.e., (Y5y5)%®, approached to
zero while the dispersive interaction, i.e., (Y3y%)%°, remained approximately
constant. As a result, the drop-medium interfacial tension (yp,,) increased (Figure
5.2a) with an elevation of temperature for the case of polar droplets in water (Figure
5.3a). In the case of non-polar probe liquids in water, the dispersive surface tension
component decreased linearly with an increase in temperature (Figure 5.3b). Since
there was no contribution from the polar interactions between the non-polar droplets
and water, the total interfacial tension of drop-medium decreased at higher

temperatures.

5.4.3 Impact of temperature on under-water wettability of

solid surfaces

Figure 5.4 illustrates the variation of under-water contact angle (6¢+p) of
solid surfaces with temperature. The contact angle of glass and silicon wafer, which
are grouped as non-polymeric surface here, increased with the increase of the

temperature for all the probe liquids (Figure S5.4a and 5.4b). A likely explanation
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can be the formation of hydration film over the glass and silicon wafer due to the
higher wettability of water medium compared to the probe liquids. In an SLL system,
the overall wettability depends on the competition of three interfacial interactions
between the solid-droplet, solid-medium, and droplet-medium. Water has higher
polarity compared to the probe liquids tested for wettability analysis, and its surface
tension decreased at elevated temperatures. Therefore, glass and silicon wafer, which
also contains highly polar surface functional groups, showed more affinity toward
the water medium than the probe liquid droplets.

The polymeric solids, i.e., PMMA and PTFE, exhibited different wettability
characteristics than the non-polymeric solids when the temperature varied from 20
°C to 80 °C (Figure 5.4¢ and 5.4d). PMMA showed the linear decreasing trend up to
60 °C, and then the wettability becomes nearly constant except for a case that the
highly polar DEP which was used as a probe droplet. On the other hand, PTFE did
not exhibit any specific trend with neither of the probe liquids. We have already
observed that all the probe liquids follow a linear trend with the temperature
variation. Thus, the non-linear trend of contact angle variation in the case of PTFE
can be attributed to the significant non-linear variation of the surface tension at

different temperatures. We will quantify this variation in the next section.

5.4.4 Impact of temperature on under-water solid surface

tension components

Figure 5.5 presents the variation of surface tension components of the solid
surfaces underwater at different temperatures. The surface tension components were
obtained using Eq. 5.3 by employing one non-polar (DIM) and one polar (DEP)
probe liquids. For the case of glass-water and silicon wafer-water interfaces, while
the dispersive surface tension components were nearly constant, the polar surface
tension components slightly increased at elevated temperatures (Figure 5.5a). We
also have plotted the total surface tension of all the solid at different temperatures

and calculated the average one over the observed temperature (Figure D1.2 of the
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Appendix). The results indicated that the overall surface tension of both surfaces
varied less than ~8% with the magnitude of 64.5+2.2 mN/m, and 60.6+5.1 mN/m for
the glass and silicon wafer, respectively. For PMMA, we observed a decreasing trend
of polar surface tension components up to 60 °C, followed by a nearly constant value
for higher temperatures (Figure 5.5b). Overall, the total surface tension of PMMA
exhibit a ~20% variation (20.4+3.8 mN/m). PTFE, however, showed a fluctuating
trend with a 16% variation in the total surface tension (36.5+£5.5 mN/m). Yuk et al.
[244], and Petke et al. [242] also reported a large variation of the total surface tension
for the polymeric surfaces in air. The change in the surface tension of polymers with
temperature under-liquid cases was found to be more significant. This might be
attributed to much greater freedom of polymer molecules in terms of reorientation
and conformational change of polymer chains in the water [18]. This phenomenon is
driven by the tendency to minimize the interfacial energy and can alter the polymer-
water interfacial interaction. Moreover, a thin film of surrounding water medium
may form over the surface, which can affect the interfacial properties at different
temperatures [216].

It is worth noting that PMMA contains polar functional groups (acryloyl). Hu
et al.[251] reported a decreasing trend of the aqueous polymer solutions containing
similar functional groups within the temperature range of 20 °C to 60 °C. Our
experimental data provided similar evidence of a decreasing trend (Figure 5.5b)
which is due to the reduced polarity at elevated temperatures. To further elucidate
this variation, we calculated the interaction between the solid and the bulk liquid

medium. We can calculate the interfacial dispersive and polar interfacial interaction

from the Fowkes geometric mean approach [88] as /y2.vh, and /yivb,

respectively. This calculation will show the variation of solid-medium interfacial
interaction due to temperature variation even before interacting with any probe
droplet. Figure D1.3 of the Appendix indicates a significant temperature dependency

of these parameters for the polymeric surfaces.
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5.4.5 Prediction of under-water solid wettability and

comparison with previous models:

In the previous section, we observed different wettability characteristics for
the polymeric and non-polymeric surfaces. In this section, we compared our
theoretical results with the proposed models by Yuk et al. [244] and Villa et al. [248].
Yuk et al. [244] developed their model based on the extended Fowkes approach
[88,90] applicable for non-polar probe liquid cases. On the other hand, Villa et al.
[248] considered both trend, i.e., increasing and decreasing variation trend of contact
angle with temperature in their study. Their proposed theoretical models, DTM (Eq.
5.5) and UTM (Eq. 5.6) are described as follows:

(o (To) (1 +cos 6(Tp)))? (5.5)
vp(T)

cosO(T)=-1+ 2\/

_ ¥p(Ty) cos 6(Ty)
cosO(T) = BT — 56)

where T, is a reference temperature (e.g., 25 °C), T'is the elevated temperature
at the experimental condition, yp is the interfacial tension of the liquid drop, and
cos 0 is the wettability at the SLL condition.

Figure 5.6 demonstrates that the DTM and UTM models [248] deviated more
than 35% for most of the experimental observations. In the case of glass and silicon
wafer, the deviation increased to more than 50% (Figure 5.6a). Furthermore, the
UTM model predicted a decreasing trend for partial wetting cases (6 < 90°), and an
increasing trend for partial non-wetting cases (6 = 90°). In contrast, the predictions
of our proposed model were within less than 25% of the experimental contact angle
data in an SLL system at different temperatures. This evidence confirms the
significant effect of surrounding medium temperature on the wettability parameters
of the solid surfaces. The observed large deviation of the DTM and UTM models can
be due to the assumption of constant solid surface tension over the temperature in

Villa et al.’s study [248]. These models showed a more significant deviation for the
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surface with higher polarity (y£ > 30 mN/m) such as glass and silicon wafer
compared to PMMA and PTFE surfaces. The Yuk et al.’s model [244] also showed
more than 50% deviation for all the cases (see Table D1.2 of the Appendix for
details). The large deviation of this model can be ascribed to the disregard of the
polarity of the probe droplet, as well as, possible interaction between the probe

droplet and the surrounding medium.

5.4.6 Effects of interfacial interactions at elevated

temperature on underwater wettability

Our present experimental observations showed all the possible trends of
contact angle variation, including increasing, decreasing, and nearly constant, with
temperature. We observed an increasing trend of contact angle for the glass and
silicon wafer surfaces. Previous studies deviated more for these two cases as most of
the developed theories were based on the decreasing trend model. The steep rise of
contact angle with temperature hardly occurs in air medium, however, it is commonly
observed under-water specifically for hydrophilic surfaces such as glass and the
silicon wafer. Our developed theoretical model (Eq. 5.3) allows us to map the
influence of surrounding medium temperature on the solid contact angle and to
elucidate this sharp increase of contact angle.

Figure 5.7 depicts the specific case of glass and silicon wafer underwater
wettability for a wide range of probe liquid droplets. The figure represents the
transition of the wettability of the probe liquids over the surface under a liquid
medium. For both cases, we observed that the partial wettability zone shrank towards
the right, from the intersecting blue line of zone I and zone II to the intersecting red
line of zone II and zone III due to the temperature increase from 25 °C to 80 °C. This
resulted in an extension of the partial non-wetting region (Zone I). Furthermore, the
interfacial tension of polar probe liquids such as DBP and DEP, moved from the
green zone to the red zone, which is farther away from the transition zone observed

at elevated temperature (red line). These two phenomena have eventually led to a
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sharp increase in the contact angle. Our theoretical model successfully captured this
trend with a ~25% deviation.

We further conducted a parametric study to understand the impact of
surrounding medium over polar and non-polar solid wettability (Figures D1.4-D1.6
of the Appendix). Our analysis indicated that underwater partial wettability would
hardly occur for a hydrophilic solid surface at elevated temperatures. This means that
an increment of surrounding medium temperature would increase the underwater

liquid repellency of the solid.

5.5 Summary

The wetting of a solid surface by a liquid droplet under a liquid medium at
elevated temperatures not only depends on the solid-drop and drop-medium
interfacial tensions but also on the temperature dependency of the interfacial tension
of the surrounding medium. Previous studies have shown either decreasing or nearly
invariant trend of wettability with an increase in temperature. However, much of the
research up to now has only focused on the evaluation of solid wettability in air or
vapor, and no model has been proposed to predict the variation of solid wettability
at high temperatures under a liquid medium. A theoretical framework and a novel
experimental approach are developed in this study to evaluate the high-temperature
solid-liquid-liquid wettability. The wettability of different polymeric and non-
polymeric surfaces are investigated, namely glass, silicon wafer, poly (methyl
methacrylate) (PMMA), and polytetrafluoroethylene (PTFE), for a wide range of
polar and non-polar probe droplets underwater (as a liquid medium) at temperatures
up to 90 °C. Experimental results revealed that the non-polymeric solid surfaces, i.e.,
glass and silicon wafer, showed a sharp increase in their contact angle with the probe
droplets at elevated temperatures. Between the two polymeric surfaces, PMMA
showed a decreasing trend of contact angle over the variation of temperatures, while

in the case of PTFE, no specific trend was observed. The predictions of our

134



theoretical model were in good agreement with the experimental observations with

less than £25% deviation.
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Figure 5.1. Schematic of the experimental setup for analysis of under-liquid wettability at
elevated temperature. Here, HRC: High-resolution camera, LS: Light source, TCC:

Temperature controlled environment chamber, TCU: Temperature control unit.
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Figure 5.2. Variation of drop-medium interfacial tension (yp,,) with temperature. We
observe an increasing trend for (a) polar, and a decreasing trend for (b) non-polar probe
liquids with the increase of medium temperature. The data presented here are based on the

+5% standard deviation.
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Figure 5.3. Variation of surface tension components at various temperatures for (a) polar,

and (b) non-polar probe liquids. We observe the decrement of polarity with the increased

temperature. The dispersive surface tension components are nearly constant for polar liquids

but decreases with temperature for non-polar liquids. The data presented here are based on

the £5% standard deviation of drop (yp ), medium (y;,), and drop-medium interfacial tension
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Figure 5.4. Variation of wettability for different probe liquids at different temperatures for
(a) glass, and (b) silicon wafer, (¢c) PMMA, and (d) PTFE. We observe increment (Glass and
Wafer), decrement (PMMA), and nearly constant (PTFE) trends for these cases. For PMMA,

the decreasing trend continues up to 60 °C (with an exception of comparatively highly polar

DEP drop), and then nearly constant wettability is observed. For PTFE, no specific trend

was observed for all the prob liquids.
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Figure 5.5. Variation of surface tension components at various temperatures for various solid
surfaces, (a) glass and silicon wafer, and (b) PTFE and PMMA. We observe nearly constant
magnitude of surface tension for non-polymeric samples, e.g., glass and silicon wafer.
However, we observe no specific trend for polymeric surfaces. The data presented here are

based on the £10% deviation of the wettability of probe liquids.
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Figure 5.6. The comparison of underwater wettability prediction at different elevated
temperatures for (a) non-polymeric, and (b) polymeric samples. The present theoretical
framework exhibits good agreement with the experimental observations within ~£25%
deviation. In contrast, a large deviation (>+~35%) between the theoretical predictions and
experimental values was observed in the case of previously available theories [248].
Moreover, previous theories deviated more when the solid surface exhibit higher polarity

(yf > 30 mN/m) with a sharp increasing trend, e.g., glass and wafer.

141



40 Glass-Water interface 40F Wafer-Water interface
35F
NG
L =20 30F
e by N A . 225G
—_ A A =) ’_; %(?('_‘, —_ e
£ 25 7wl B P
% Z | l" f" ZE A /"‘J ,""l‘
| one H i o 12
i 20 (Partial non-wetting) ‘Zane % '\Zone . ~ ) zone . l.’. _t"
D?’Q il \_\'\' | D?’Q 10k (Partial non-wetting) !;Zone ||i, Zone Il
1ok ¢ soc R 26°C 80°C \"w.\_:::-s ________
® @ DEP o ® e oDer e
ap A ’ A DBP : < : ; .A : A DBR | 5 e 15 e
) 5 10 15 20 25 30 4 -2 0 2 4 6 8 101214 16 18 20
P P
E] ¥ (mN/m) [B T (mN/m)

Figure 5.7. Effects of temperature on the non-polymeric solid wettability with the increasing
trend, (a) glass, (b) silicon wafer. We observed three different zones for two different
temperature conditions. Due to the increment of temperature, the wetting to non-wetting
transition blue line shrank towards the right. Partial non-wetting zone I in turn increased to
Zone I and II. Furthermore, the interfacial tension of the polar probe liquids moved away
(shifts towards left) from the transition lines. The combined effects confirmed the steeper
increase of contact angle. The experimental data presented in the figure were based on the

5% standard deviation.

142



Table 5.1: Interfacial tension along with surface tension components of the probe liquids at
room temperature.

Surface tension Probe liquid-
in air based on  Surface tension water Polar Dispersive
Probe Liquid correlation in air interfacial component component
[225,226] (mN/m) tension (mN/m) (mN/m)
(mN/m) (mN/m)
Diiodomethane 50.80 50+0.3 38+0.2 0 50
1,3-Diiodopropane 45.87 44+0.3 36+0.2 0 44
Diethyl phthalate
36.99 35+0.5 16+0.1 9.95 25.05
(DEP)
Di-n-butyl phthalate
32.76 32+0.5 22.5+0.1 6.1 25.9
(DBP)
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Table 5.2 Surface roughness parameters of the solid samples from the AFM analysis (scan

size 10 um %10 um). SAD is the surface area difference due to the presence of nano-scale

features on the surface and was obtained using the Nanoscope Software 1.40.

Sample Average roughness RMS roughness Wenzel roughness-ratio
(Ravg) (Rrms) (r=1+SAD)
Glass 2.01+0.5 nm 3.09+0.5 nm 1.002+0.001
Silicon Wafer 0.836+0.2 nm 1.15+£0.2 nm 1.0002+0.0002
PMMA 5.75+0.5 nm 10.90+0.5 nm 1.005+0.001
PTFE 35.0043.0 nm 44.00+3.0 nm 1.030+0.010
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Chapter 6

Conclusions and future work
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6.1 Conclusions

The present research work provided a novel methodology to probe all the
influential surface properties of the membrane using contact angle analyzer under
different conditions, aiming to understand the membrane underwater separation
performance at room and elevated temperatures. It is well understood that next-
generation membrane material requires to fulfill the critical demand of higher
selectivity and anti-fouling propensity. To circumvent this challenge, the demand for
surfaces with special wettability is increasing over recent years. Membrane
researchers tried various methods to tune the wettability of polymeric membranes,
which include (1) chemical surface modification methods (chemical grafting, plasma
treatment), (2) physical coating of hydrophilic functional materials, and (3) adding
micro/nano-patterns to the surface. All of these modifications can be analyzed by
only a single analytical tool, i.e., contact angle analyzer. The contact angle can be
such a useful parameter through which one can access to the information of other
two influential membrane surface parameters, e.g., surface roughness, and surface
charge. One should also keep in mind that only a single contact angle value
sometimes does not complete to interpret the perm-selectivity data. Instead, many
useful parameters derived from the contact angle data, e.g., hydrophilicity, liquid
repellency, surface energy, and adhesion work, can be the decisive factors to design
novel materials for next-generation membrane. Accomplishing this target can only
be possible if accurate characterization and proper utilization of surface wettability
properties are ensured.

In Chapters 1 and 2, a detail literature work has been performed and current
membrane characterization techniques were presented. It was shown that only 1% of
the present literature utilized the accurate characterization technique to determine the
surface hydrophilicity and under-water oleophobicity. Based on the available
literature and present calculations, a guideline was also provided to determine the

criteria for surface hydrophilicity, under-water oleophobicity, and fouling resistivity.

146



In Chapter 3, surface heterogeneity and surface charge distribution were
characterized using a contact angle analyzer. Precise measurement of surface tension
of the solid surfaces with nanoscale physical heterogeneity is essential for developing
advanced materials with tuned surface wettability. In this research work, a new
experimental approach using solely contact angle analysis to quantify the surface
roughness-ratio and the dispersive surface tension components of five polymeric
membranes with different nanoscale surface physical heterogeneity was determined.
To have a comparison with the conventional measurement procedure, the surface
wettability parameters were also evaluated using AFM. The results revealed a strong
dependency of the AFM data on the size of the scanned area, particularly for the
surface with a large degree of physical heterogeneity. In contrast, employing a
combination of equilibrium and advancing contact angle analysis provided highly
reproducible information regarding the surface roughness-ratio, dispersive surface
tension component, and the surface frictional pinning forces. Upon being compatible
with the probe liquid, the proposed method can be used to evaluate the surface
roughness-ratio, dispersive surface tension component, and the surface frictional
pinning force of any solid surface with different scales of physical heterogeneity.

Moreover, an excellent correlation between the flux decline behavior of
membranes, due to colloidal fouling, and the obtained roughness of membranes by
our proposed model was observed. The results have the implications for designing
antifouling membranes where foulants and surface interaction play an important role.
This study provides new insight regarding the impact of nanoscale surface
heterogeneity on the evaluation of the surface wettability and surface tension
components of the solid materials. Another focus of this chapter was to quantify the
surface charge density and surface potential for two different environmental
conditions in air and under-liquid cases using wettability measurements. This
quantification technique was exemplified using three different samples containing
different surface chemistry, and the outcome was compared with another
measurement technique, namely streaming potential analysis. The experimental

results revealed that surfaces containing reactive functional groups, e.g., polymeric
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membranes are excellent candidates for these types of studies. The under-liquid
sessile drop contact angle titration experiments provided the first direct measurement
of surface potential using contact angle analysis with reasonable accuracy. This, in
turn, discards the experimental complexity of the captive bubble as well as saturated
vapor condition measurements. This study sheds light on the nature of surface-
specific ion adsorption and its subsequent effects on wettability related parameters
such as adhesion, and surface tension in the air and under-liquid conditions.

In Chapter 4, a theoretical framework and a novel experimental approach
were developed to predict the under-liquid wetting behavior of various solid surfaces.
There have been a few systematic studies on the quantification of under-liquid solid
surface tension and solid-liquid-liquid wettability. None of these previous studies
can predict the wettability of solid-liquid-liquid systems accurately. Furthermore, the
deviations of these theories are larger (>40%) when all the three phases (solid-liquid-
liquid) exhibit polarity. However, many of these studies considered solid surface
tension as the intrinsic property. This assumption is not applicable in many practical
applications which involve responsive/adaptive surfaces. For such cases, molecular
reorientation is mainly governed by the surface tension of the solid because of the
fundamental tendency of a system to minimize the interfacial energy between the
solid and its surrounding environment. The experimental outcome of this work
suggested that solid surface tension could not be the intrinsic property of the solid
material. The theoretical predictions of the underwater wetting behavior of the solid
surfaces were in good agreement with the experimental observations and showed less
than 15% deviation for all the cases. The proposed adhesion work and surface tension
mapping indicated that the wettability for a specific solid-droplet combination could
only be altered by altering the medium interfacial property. It is worth noting that
solid surface tension determination based on surface tension component (STC)
approach is an approximate approach. The accuracy of the results is dependent on
the proper choice of probe liquids, e.g., one of the probe liquids must be non-polar,
which was considered in the present study. On the other hand, another method

(equation of state) of solid surface tension determination is also available in the
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literature, which relies on the empirical fitting approach. The present study also
explored this method for under-liquid application. The experimental results
suggested that further modification was required to determine its applicability for
under-liquid applications. This study provides valuable guidelines for the design,
development, and characterization of under-liquid anti-fouling, super-wettable, and
super repellent surfaces. For instance, in membrane separation processes, the
development of superhydrophilic and underwater superoleophobic membranes is
always challenging. Inspired by the wetting behavior of fish scales, and taking
advantage of high-energy materials with water-favoring properties, researchers tried
to construct superhydrophilic and underwater superoleophobic surfaces in solid-
water-oil interfacial systems. Although a few experimental studies reported the
influence of surrounding medium over solid wettability, a theoretical framework for
this observation still awaits clarification. The theoretical results of this study can
provide this clarification to further explore the influence of the surrounding medium
for solid wettability adaptation.

In Chapter 5, a theoretical framework and an experimental approach were
utilized to predict under-liquid solid wetting behavior at elevated temperatures in the
range of 25 °C < T'<90 °C. There have been a few systematic studies on the effects
of temperature on the surface tension components and solid-liquid wettability. None
of the available models can predict the wettability of solid-liquid-liquid systems at
elevated temperatures as they have been developed for the in-air systems. The
deviations of the available models become even larger (>50%) when the three
involving phases (solid-liquid-liquid) exhibit polarity. The majority of earlier studies
have considered solid surface tension to be invariant at elevated temperatures. This
assumption is not valid for many practical applications that involve temperature-
responsive/adaptive surfaces[76,233]. Here, we proposed a theoretical framework
based on the surface tension component approach, which could predict the solid
surface tension exposed to different surrounding medium temperatures. Furthermore,
our model could capture all the possible trends of contact angle variation, i.e.,

increasing, decreasing, and nearly constant with increasing temperature. We
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observed that the surface properties of polymeric solid surfaces altered due to the
change of the surrounding medium temperature. More specifically, polymeric
samples exhibited a large variety of surface tension (>~16%) for high-temperature
under-water conditions. We proposed a novel experimental technique to quantify the
observed alteration. Our theoretical prediction of the underwater wetting behavior
was in good agreement with the experimental observations at different temperatures
with less than 25% deviation. We observed that partial non-wetting to partial wetting
transition would hardly be observed at higher temperatures. The partial non-wetting
cases move towards completely non-wetting cases for the hydrophilic surfaces at
elevated temperatures. The proposed mapping of adhesion work and surface tension
indicated that the surface wettability for a specific solid-droplet combination can be
altered from complete wetting to complete non-wetting states by variation of the
temperature of the surrounding medium. This study provides valuable guidelines for
the design, development, and characterization of under-liquid anti-fouling, super-
wettable, and super repellent surfaces for high-temperature applications. For
instance, in membrane separation processes, higher temperature operation increases

the separation performance and anti-fouling characteristics [236,252].

6.2 Future work

This thesis has primarily focused on probing all the membrane influential
surface properties with high sensitivity using contact angle analyzer, aiming to
elucidate membrane permeation properties in complex and harsh environmental
conditions. In summary, the following outlook of the membrane research can be
demonstrated. Further studies that can be performed to extend the present

contributions are listed below:

¢ The present theoretical calculation suggests that surfaces can be considered
as strongly hydrophilic if the equilibrium contact angle is less than 55° and
oleophobic if the underwater contact angle is greater than 158°. An

experimental investigation is worth being conducted in support of these
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assumptions. This will further lead the researchers to synthesize
superhydrophilic membranes (contact angle < 10°), which can meet the
criteria for next-generation membrane.

The present study suggested that membrane surfaces exhibit fractal
characteristics. It is worth noting that fractal surfaces behave differently than
the usual irregular rough surface. It would be interesting to combine the
fractal surface characteristics with different types of surface pattern over the
membrane surface. Wettability and related surface parameters can be utilized
to obtain the design criteria.

The present work also indicates that the Wenzel roughness factor obtained
from the membrane surfaces is larger than the conventional surface area
difference (SAD) based AFM analysis due to the fractal characteristics. Thus,
fractal surfaces exhibit different wettability characteristics than the
conventional Wenzel and Cassie-Baxter model, which is proposed by Tsuji
and coworkers. It is worth evaluating the fractal wettability parameters for
the membrane surfaces, specifically having average roughness greater than
~50 nm.

One of the important wettability related parameters is surface tension. From
this literature study, we observe that only 1% of the recent research study
reported this parameter. For the anti-fouling membranes, the surface tension
should be higher than 60 mN/m. Surface tension parameters can be utilized
to tune the membrane surface properties.

Contact angle hysteresis is a wettability related parameter which requires
further focus to better understand the membrane surface heterogeneity and its
connection towards membrane separation efficiency.

Membrane surfaces contain various polar and non-polar functional groups.
Most of the cases, the reactivity, and effectiveness of these functional groups
are evaluated by different analytical tools, e.g., contact angle, streaming
potential analyzer, and XPS analysis. The present study provides a pathway

to evaluate all the influential parameters with a single analytical tool with
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high sensitivity which can ensure the consistency and accuracy of the
analysis.

The present study indicates that surface oleophobicity can be controlled only
by changing the interfacial property of the surrounding medium or even
altering the surrounding medium temperature. This further establishes the
necessity of evaluating other parameters, e.g., surrounding medium pressure,

pH, and ionic concentration.
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6.3 List of contributions

The present research work is an attempt to establish membrane
characterization techniques based on a single analytical tool. The major three

contributions of this research work are listed as follows-

1. The present developed theoretical framework can demonstrate the physical
heterogeneity of membrane surfaces (self-affine fractals) with less than 25%
deviation in comparison with AFM measurement technique.

2. The modification proposed in this thesis to determine the role of surrounding
medium pH over the surface potential is based on the low-rate dynamic
contact angle experiments. The outcome of this modifications can apprehend
the role of surrounding medium pH over surface wettability and the surface
potential with less than 30% deviation in comparison with streaming potential
technique.

3. Surrounding medium interfacial tension can alter the wettability of any probe
liquid. Present research work demonstrated that surface oleophobicity and
anti-fouling property can be controlled by merely altering the surrounding
medium pH or temperature (without any surface physical/chemical

modifications).

The outcomes of this research are published/ prepared for submission, and

presented/ prepared for presentation in the following journals and conferences:
6.3.1 Journal papers

1. Md Farhad Ismail, Behnam Khorshidi, and Mohtada Sadrzadeh.
Characterization of membrane surface and permeation properties by
contact angle measurements: quantification strategies and applications.
Advances in colloid and interface science, 2020 (submission in progress).

2. Md Farhad Ismail, Behnam Khorshidi, and Mohtada Sadrzadeh. New

insights into the impact of nanoscale surface heterogeneity on the
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6.3.2

wettability of polymeric membranes. Journal of Membrane Science 590:
117270, 2019.

Md Farhad Ismail, Muhammad Amirul Islam, Behnam Khorshidi, and
Mohtada Sadrzadeh. Quantification of surface potential by wettability
measurements. Applied Physics Letters, 2020 (submission in progress).
Md Farhad Ismail, Behnam Khorshidi, and Mohtada Sadrzadeh, New
insights into the predication of adaptive wetting of a solid surface under
a liquid medium. Journal of Colloid and Interface Science, (under
revision).

Md Farhad Ismail, Behnam Khorshidi, and Mohtada Sadrzadeh. New
insights into the role of surrounding medium temperature on the under-

liquid wetting of solid surfaces. Langmuir (under review).

Conference publications and presentations

Md Farhad Ismail, Behnam Khorshidi, and Mohtada Sadrzadeh. Impact
of roughness on the wettability of the TFC membrane. North American
Membrane Society 28th Annual Meeting (NAMS 2019), Pittsburgh, PA,
USA, May 11-15, 2019.

Md Farhad Ismail, Behnam Khorshidi, and Mohtada Sadrzadeh. Toward
accurate prediction of adaptive wetting of a solid surface under a liquid
medium. International Congress on Membranes & Membrane Processes,

London, UK, July 12-17, 2020 (in preparation).
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Al.1  Brief literature review on the reported surface

properties of TFC membrane

In this section, we present TFC membrane wettability and related parameters

reported in the literature (Table A1.1). We observe that the majority of the articles

reported only contact angle parameter to report the hydrophilicity. A few of them,

reported all the parameters required to determine the wettability and hydrophilicity,

e.g., contact angle, surface roughness, and surface tension.

Table Al.1: Brief overview of the membrane surface properties performed in the literature

Permeation properties

Surface properties

Contact angle Interfacial
Membrane
measurement Flux Rejection  Contact free energy Zeta
type . ) ] Roughness .
technique (LMH/MPa) (%) angle of interaction potential
. 48 t0136 48° to 74° 5t0 40 nm —32.44
NF [253] Sessile drop 74% - 95%
mV
11to 31 19° to 77° -3 mV to
RO [254] Sessile drop 97% - 99% 16 to 98 nm
-42 mV
-101 to -75
) 421043 40° to 80° 57 to 141
RO [255] Sessile drop 99% mJ/m?
nm
124° to
441072
RO [256] Sessile drop 99% 140°
) S5toll 30° to 41°
RO [257] Sessile drop 50-95%
15to 156
) 17 to 36 25° to 64° -15t0 -50
RO [258] Sessile drop 98-99% nm
mV
100 to 110
9t0 56 58°t0 92° -18to -38
RO [259] Sessile drop 96-99% nm
mV
) 19 to 35 30° to 55° 50 to 53 nm
RO [260] Sessile drop 98-99.22%
) 5t0 10 33°to0 72°
RO [261] Sessile drop 90-99.4%
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RO [262]

RO [263]

RO [264]

RO [265]

RO [266]

FO [267]

RO [268]

RO [269]

RO [270]

RO [271]

RO [272]

FO [273]

RO [274]

RO [275]

RO [276]

RO [277]

RO [278]

Sessile drop

Sessile drop

Sessile drop

Sessile drop

Sessile drop

Sessile drop

Sessile drop

Sessile drop

Sessile drop

Sessile drop

Sessile drop

Sessile drop

Sessile drop

Sessile drop

Sessile drop

Sessile drop

Sessile drop

19 to 45

19to 27

58to 80

27to0 35

13 to 45

18 to 27

45 to 55

30 to 62

18 to 24

~1to45

23 to 34

14 to 50

9.51t0 36

56 to 170

34 to 44

85-99%

95-97%

97.9-
98.6%

99.5%

60 to 95%

97 to 99%

95 to 98%

80 to 98%

99%

85t0 99%

97 to 99%

84 to 86%

96 to 99%

80 to 99%

88 to 96%

183

41°to 90°

47° to 65°

82°to 90°

16° to 47°

30° to 55°

73° to 84°

42°to 55°

50° to 66°

40° to 60°

69° to 88°

63°to 71°

25° to 55°

44°to 71°

29° to 55°

36° to 60°

41° to 60°

19° to 63°

-115to0 -72

mJ/m?

-79t0 94

mJ/m?

-128 to -115

mlJ/m?

Surface
tension:

42 to 46 mJ/m>

-120to -100

mJ/m?

30 to 70 nm

34 to 70 nm

25 to 46 nm

63 to 82 nm

29 to 32 nm

79 to 137

nm

50 to 100

nm

60 to 80 nm

96 to 122

nm

25to 52 nm

17 to 50 nm

144 to 276

nm

39 to 46 nm

78 to 96 nm

33 to 88 nm

-24 to -29
mV

-40 t0 20
mV

-55to -30
mV

-2t012
mV

-37 to -33
mV

-55to0 15
mV



RO [279]

RO [280]

MF [281]

RO [23]

RO [282]

FO/RO
[283]

NF [284]

RO [285]

RO/NF
[286]

FO [287]

MF [288]

RO [73]

UF [289]

UF [290]

Sessile drop

Sessile drop

Sessile drop

Sessile drop

Sessile drop

Sessile drop

Sessile drop

Sessile drop

Sessile drop

Sessile drop

Sessile drop

Sessile drop

Sessile drop

Sessile drop

19 to 48 98%
1.6 to 23
95 to 99%
6500 to 20000
4106
99%
0.0108 to
0.0288 77 t0 93%
75 to 250
75 to 98%
2t0 85
68 to 94%
17 to 26 98 to
99.5%

6000 to 11000
70 to 98%
142
55 t0 95%
75 to 100
85t0 99%

184

14.5° to
59°

35°to 73°

72° to 74°

72° to 79°
Dynamic
hysteresis
(mN/m):
24 t0 29

30° to 55°

68° to
108°

55° to 85°

41°to 70°

33° to 64°

37° to 64°

72° to 85°

53° to 68°

17° to 76°

31° to 74°

-99 to -50

mlJ/m?

Interfacial free
energy of
cohesion:
-31t0 26

mJ/m?

-140 to -78

mJ/m?

43 to 48 nm

29 to 73 nm

47 to 166

nm

91 to 97 nm

68 to 74 nm

9 to 103 nm

3to 7 nm

76 to 80 nm

35 to 55 nm

1.2t04.5

nm

-50to 15
mV

-21to -18
mV

-30to 15
mV

-22t0 25
mV

-4to16
mV

-34to -14
mV

-20 to 40
mV



RO [291]

UF [292]

FO [293]

NF [294]

RO [295]

NF [296]

RO [297]

RO [119]

Sessile drop

Sessile drop

Sessile drop

Sessile drop

Sessile drop

Sessile drop

Sessile drop

Sessile drop

1000 - 60000

24.6

30 to 125

20 to 120

11 to 165

810 26

27 to 61

15 to 95%

30 to 95%

18 to 97%

97 to 99%

93 to 95%

61° to
120°

55°to 80°

15°to

100°

25°to 80°

60° to 75°

25°to 65°

31°to 62°

53°to 81°

56 to 90 nm

8 to 16 nm

-135 to -57 75t0 129

mJ/m? nm

5to 18 nm

41 to 160

nm

49 to 130

nm

-41 to -15
mV

-20 to 35

mV

-46 to0 55
mV

-35t020
mV
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B1.1  Supplementary information on the surface

potential quantification

B1.1.1 Characterizations of surface physical heterogeneity

We performed AFM analysis for the three samples, e.g., BW 30, glass, and
polypropylene (scan size 10 pm x10 um). Table B 1.1 provides the quantitative data
for the surface roughness and Figure B 1.1 depicts the 3D topography of the three

samples.

Table B1.1: Roughness parameters from the AFM analysis. SAD is the surface area
difference due to the presence of rough features on the surface and was obtained using the

Nanoscope Software 1.40.

Sample Average roughness RMS roughness Wenzel roughness-ratio
(Rave) (Rims) (r=1+S4D)

Glass 2.01+£0.5 nm 3.09+0.5 nm 1.002+0.001

BW 30 38+3 nm 4745 nm 1.08+0.05 nm

Polypropylene 7.75+0.5 nm 13.90+0.8 nm 1.008+0.002

Polypropylene

Figure B 1.1: 3D AFM topography of different samples analyzed in this study. We observe

nearly uniform surface structure.
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B1.1.2 Evaluation of Gibbs adsorption equation

We assume that the liquid interfacial tension and solid surface tension do not
alter due to the variation of pH. This can further allow us to apply combined Gibbs
adsorption [189] and Young equation [46] as follows

:d(cosepH) Fypmu
d(pH) 2303 RT (B1.1)

where F is the Faraday constant (96500 C.mol™'), R is the molar gas constant,
T is the system temperature, and yp), is the interfacial tension between the drop and

the surrounding medium.
d(cosOpp)
d(pH)

experiments of the buffered solutions. Figure B1.2 depicts the sigmoidal relation

We can determine the term directly from the contact angle titration

between the surface wettability cos 6,5 and pH. The derivative of the plots leads us

to determine the approximate ionization state of the surface.
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Figure B 1.2: Wettability vs. pH plots of glass, BW 30 samples for (a) in-air, and (b)

under-liquid measurements.
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C1.1 Supplementary information for under-liquid

wettability analysis

C1.1.1 Probe liquids used in wettability analysis

Table C 1.1: List of the probe liquids used in wettability analysis. The values of viscosity

were calculated using correlations at 20 °C [225,226]

. . Molecular o Solubility in ~ Boiling
o Chemical Density ) Viscosity )
Liquid weight water point
formula (g/mL) (mPa. s)
(g/mol) (g/L) °C)
Water H20 1 18.02 1.002 - 100
1,4-Dibromobutane C4HsBr2 1.81 215.92 1.91 insoluble 63
Diiodomethane CHaLz 332 267.84 2.77 1.24 181
1,3-Diiodopropane C3Hsl2 2.58 295.89 5.89 insoluble 111
Diethyl phthalate Ci2H1404 1.12 222.24 12.56 1 298
Di-n-butyl phthalate C16H2204 1.04 278.35 3.22 0.4 339
Oleic acid CisH3402 0.89 282.47 38.80 insoluble 194
Castor oil Cs7H10409 0.96 933.45 100 insoluble 313

C1.1.2 Characterizations of surface physical heterogeneity

Table C 1.2: Roughness parameters from the AFM analysis (scan size 10 pum X10 um). SAD
is the surface area difference due to the presence of rough features on the surface and was

obtained using the Nanoscope Software 1.40.

Average roughness RMS roughness Wenzel roughness-
Sample .
(Ravg) (erv) ratio (Fl +SAD)
Glass 2.01+0.5 nm 3.09+0.5 nm 1.002+0.001
PMMA 5.75+0.5 nm 10.90+0.5 nm 1.00540.001
PTFE 35.00£3.0 nm 44.00£3.0 nm 1.030+0.010
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C1.1.3 Evaluation of previous theoretical models

We evaluated the theoretical framework developed by El-Shimi et al. [212]
for predicting the underwater wettability of the solid samples. EI-Shimi et al. [212]
developed two different theoretical frameworks using the models proposed by
Fowkes[88] and Wu[224]. We observed both approaches cannot predict the
wettability of polar, as well as, non-polar probe liquids (cos 6 > 1 for many cases).
El-Shimi-Wu (equation C1.1) [212] and El-Shimi-Fowkes [212] (equation C1.2)

approaches are as follows:

4v9vly ¥y | 4¥EVe | 4¥EYo C11
D,.D .P,.P D,.D P, P ( . )
Yst¥w VYstYw Vs tYo Ys Yo

Yow €0S 0oy = Yw + Yo —

Yow €0S Bow =Yw + Vo — 2\/V£Vv?/ + 2\/7/5?)’5 (C12)

where 0,y is the contact angle between the solid-oil droplet interface in the
water medium, yow , Ys» Yo, Yw are the interfacial tension of oil-water, solid-air, oil-
air, and water-air, respectively. The superscript ‘D’ and ‘P’ denote the dispersive and
polar surface tension components. It is to be noted that though all these works used
under-liquid contact angle as 0y, the present study represents this as Osy,. Table
C1.3 and Table C1.4 depict the prediction of underwater wettability for different
probe liquids.
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Table C 1.3: Theoretical prediction of underwater solid wettability: El-Shimi-Wu approach
[212].

Solid wettability underwater ( cos Osoy)

Probe liquid
PTFE Glass PMMA
Di-n-butyl phthalate 1.95 1.89 1.44
Castor oil 1.96 1.95 1.57
1,3-Diiodopropane 1.09 1.05 0.75
1,4-Dibromobutane 1.3 1.21 0.83
Diethyl phthalate 2.52 2.48 2.02
Diiodomethane 0.93 0.91 0.68
Oleic acid 241 2.28 1.8

Table C 1.4: Theoretical prediction of underwater solid wettability: El-Shimi-Fowkes

approach [212]
Solid wettability underwater ( COS Osoy)
Probe liquid
PTFE Glass PMMA
Di-n-butyl phthalate 1.98 2.02 2.05
Castor oil 1.99 2.04 2.07
1,3-Diiodopropane 1.27 1.4 1.49
1,4-Dibromobutane 1.45 1.54 1.62
Diethyl phthalate 1.71 1.73 1.74
Diiodomethane 1.15 1.28 1.39
Oleic acid 241 2.42 243

Moreover, we also evaluated Bartel-Osterhof equation S3 [117,210] in the

case of the PTFE-water interface also.

Yow €0S Oow = Y04 €0S 8pa — Ywa COS Oya (C13)

where 0y, 894, and 8y,4 are the contact angle between solid-oil droplet in
water medium, solid- oil droplet in air medium, and solid-water droplet in air

medium. Table S5 depicts the underwater wettability (cos 6soy,) of PTFE with
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different probe liquids. For all the cases we observe the magnitude of wettability is

higher than 1.

Table C 1.5: Theoretical prediction of underwater solid wettability: Bartel-Osterhof equation
[117,210]

Solid wettability underwater ( COS Bspoyy)

Probe liquid
PTFE
Di-n-butyl phthalate 2.2
Castor oil 2.22
1,3-Diiodopropane 1.37
1,4-Dibromobutane 1.53
Diethyl phthalate 2.84
Diiodomethane 1.22
Oleic acid 2.64
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C1.1.4 Influence of surrounding medium on drop wettability

To analyze the effects of medium surface tension components over polar and

non-polar solids we also perform a parametric study using Eq. C1.4.

Vo1 + c0505wo) = 2v + 2 BB+ VB8~ [V8rk = rirk - Bk -
/v8v5v> (C 1.4)

Figures C 1.1-1.2 depict the impact of medium surface tension components
on the wettability of non-polar and polar solids, respectively. We observed from
Figure C1.1a that the complete wettability region is very large (65«0 = 0°) when
the droplet and solid are both non-polar. On the other hand, when the droplet is polar,
and the solid is non-polar, even partial wetting (8s+p;0 < 90°) hardly occurs (Figure
Cl1.1b).

The effect of the medium surface tension on polar solid samples is shown in
Figure C1.2. As can be seen in Figure C1.2a, achieving partial wetting conditions
is almost impractical when the surface is polar, and the droplet is non-polar.
Similarly, Figure C1.2b shows that a complete wetting scenario would be more
likely to happen when the solid and droplet are both polar. It is worth noting that
when the medium polarity is very high (y}; > 35 mN/m) and its dispersive surface
tension components are very low (Y} < 5 mN/m), the droplet will be at complete
non-wetting region (8s+po = 180°). This is because the medium and solid interact
more significantly when both are polar, which causes the droplet not to wet the

surface even if the droplet is polar.
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Figure C 1.1: Effects of medium surface tension components on the wettability for non-polar
solid, e.g., y& =50 mN/m, y&=0 mN/m, and y,,=25 mN/m, (a) y5=50 mN/m, y5=0
mN/m; (b) y§=0 mN/m, y§=50 mN/m. The figure indicates that it will be very difficult for
a polar liquid (oil) to reach even the partial non-wettability regime when the surface is non-
polar. Furthermore, we observed that for a particular solid-droplet configuration it is possible

to alter the wettability only by altering the medium surface tension components.
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Figure C 1.2: Effects of medium surface tension components on the wettability for polar
solid, e.g., ySD* =0 mN/m, yg*=50 mN/m, and ygn=25 mN/m, (a) y3=50 mN/m, y§=0 mN/m;
(b) Y8=0 mN/m, y§=50 mN/m. The figure indicates that it will be very difficult for a non-
polar oil to reach even the partial non-wettability regime when the surface is highly polar.

We also observed that for a particular solid-droplet configuration it is possible to alter the

wettability only by altering the medium surface tension components.
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C1.1.5 Evaluation of equation of state (EQS) model [221-223]

Other than the surface tension component (STC) based approach, another
approach, i.e., equation of state (EQS) approach is also widely applied to determine
the solid surface tension. The EQS model assumes that the interfacial surface tension
vs. depends on the surface tension of the liquid y, and solid ys only, i.e., ys = f

(yL,vs)- The general EQS can be written as follows:

ys. = Vs + v, — 2/¥sy, e FOLrs)’ (C 1.5)
where B = 0.0001247 (m2/mJ)?

Combining Eq. C1.5 with the Young’s equation we get the following

equation to determine the surface tension in the air:

yLcos 6 = =y, + 2./vsyL e BUL-vs)® (C1.6)

The original EQS has been developed for air medium application. A very
recent study [77] further modified the EQS for under-water application as follows:

Yow €05 Bgrwo = —Yow + 2./Vsvow e Frow=vs)* (C1.7)

From Figure C1.3a, we calculated the surface tension of PTFE in the air
medium using Eq. S6. The outcome (19.7 mN/m) is consistent with our STC based
approach obtained data (19.27 mN/m). Interestingly, from Figure C4.3b we did not
obtain any such trend to determine the PTFE-water surface tension using Eq. C1.7.
We further observe two separate regions of polar and non-polar liquids. This

observation urges to further modify the EQS approach for under-liquid application.
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Figure C 1.3: y; cos 8 vs.y; for PTFE surface in (a) air and (b) water medium. From the

EQS model the surface tension of PTFE is 19.7 mN/m. We observe that PTFE-water

interface does not exhibit any trend. Moreover, there exist two distinct regions, polar (red

zone) and non-polar (green zone) liquids cases.
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D1.1  Supplementary information for under-liquid

wettability analysis

D1.1.1 Probe liquids used in wettability analysis

Table D 1.1: List of the probe liquids used in wettability analysis. The values of viscosity

were calculated using correlations at 20 °C [225,226].

Molecular Solubility in ~ Boiling
o Chemical Density ) Viscosity )
Liquid weight water point
formula (g/mL) (mPa. s)
(g/mol) (g/L) °C)
Water H20 1 18.02 1.002 - 100
Diiodomethane
CHalz 3.32 267.84 2.77 1.24 181
(DIM)
1,3-Diiodopropane
CsHgelz 2.58 295.89 5.89 insoluble 111
(DIP)
Diethyl phthalate
Ci12H1404 1.12 222.24 12.56 1 298
(DEP)
Di-n-butyl phthalate
C16H2204 1.04 278.35 322 0.4 339

(DBP)
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D1.1.2 Characterizations of surface physical heterogeneity

Figure D1.1 shows a qualitative comparison of the 3D and 2D surface
features of the samples considered in the present study. We observe homogeneous

surface morphology for all the cases.

Glass

Height, h (nm)
s o

Scan length, L (um)

PMMA]

Height, h (nm)

Scan length, L (um)

PTFE

Sl

6 1 2 3 4 5 6 7 8
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1010 nm Water

100 .

0 “’WW
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012 3 456 7 8 8 101
Scan length, L {(um)

Figure D 1.1: 3D and 2D AFM surface topography of the different samples tested in the
present study. All the samples exhibit uniform surface morphology. This allows us to discard
the effect of physical heterogeneity over wettability.
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D1.1.3 Evaluation of solid total surface tension at different

temperature

We measured the solid total surface tension at different temperatures. Figure
D1.2 depicts that polymeric surfaces exhibited a larger deviation than the average

one for all the cases. The temperature averaged surface tensions are plotted as a

straight line.
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Figure D 1.2: Solid total surface tension at various temperatures, (a) Glass and Wafer, (b)
PTFE and PMMA.
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D1.1.4 Effect of temperature on solid-medium interfacial

interaction

We measured the solid dispersive and polar interaction with the bulk water at

a different temperature which can be calculated by /y2,yZ, and /yE.Y5, ,
respectively (Figure D1.3). We observe similar behavior, nearly constant for non-
polymeric glass, and wafer (Figure D1.3 a,b) surfaces. Conversely, PMMA, and
PTFE exhibit a wide variation for both dispersive, and polar interactions. This
observation leads us to employ the temperature-dependent surface tension while

determining the wettability of the polymers (Eq. D1.2).
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Figure D 1.3: Solid surface interaction with the bulk water medium at different temperatures.
We observe nearly constant interaction for (a) glass, and (b) wafer. However, (c) PMMA,

and (d) PTFE exhibits a significant variation.
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D1.1.5 Evaluation of previous theoretical models

We evaluated the theoretical framework developed by Yuk et al. [244] for
predicting the solid-liquid-liquid wettability at elevated temperatures. Yuk et al.
[244] developed their theoretical frameworks (Eq. D 1.1) using the models proposed
by Fowkes[88] and Wu[224]. We observed this approach cannot predict the

wettability of polar, as well as, non-polar probe liquids (cos 8 > 1 for many cases).

0 _ _ -2 D,,D 2 D D_4-V§V|5I)/ D1.1
Yiw €0S Bs.wp = Yw — Vp YsYw T2 VsV (D 1.1)

¥$

where 6s.,/p 1s the contact angle between the solid-probe droplet interface in
the water medium, ypy , Vs, Yp, Yw are the interfacial tension of probe drop-water,
solid-air, probe drop-air, and water-air, respectively. The superscript ‘D’ and ‘P’
denote the dispersive and polar surface tension components. It is to be noted that
though this work used under-liquid contact angle as 8, the present study represents
this as Os,p. Table D1.2 depicts the prediction of underwater wettability for
different probe liquids.

Table D 1.2 (a): Theoretical prediction of underwater solid wettability: Yuk et al. [244]

Solid wettability underwater ( cos Os.yp)

Probe liquid PTFE
259C 30°C 40°C 60°C 80°C
Di-n-butyl
-1.47 -1.37 -1.21 -0.97 -0.73
phthalate
Diethyl
-2.04 -1.87 -1.59 -1.21 -0.87
phthalate
1,3-
B -0.94 -0.95 -0.96 -0.99 -1.05
Diiodopropane
Diiodomethane -1.0097 -1.02 -1.034 -1.07 -1.12
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Table D 1.2 (b): Theoretical prediction of underwater solid wettability: Yuk et al. [244]

Solid wettability underwater ( cos Os.yp)

Probe liquid Silicon wafer
250C 30°C 40°C 60°C 800C
Di-n-butyl
-1.2 -1.13 -1.003 -0.82 -0.68
phthalate
Diethyl
-1.72 -1.6 -1.35 -1.04 -0.83
phthalate
1,3-
B -0.92 -0.91 -0.93 -0.95 -0.98
Diiodopropane
Diiodomethane -1.01 -1.02 -1.03 -1.06 -1.09

Table D 1.2(c): Theoretical prediction of underwater solid wettability: Yuk et al. [244]

Solid contact angle underwater, 6s.yp (deg.)

Probe liquid PMMA
259C 30°C 40°C 60°C 800C
Di-n-butyl
131 116 104 82 82.50
phthalate
Diethyl
176 135 114 85 86
phthalate
1,3-
122 120 110 94 93.50
Diiodopropane
Diiodomethane 130 129 118 102 99
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D1.1.6 Influence of surrounding medium on drop wettability

To analyze the effects of medium surface tension components over polar and

non-polar solids we also perform a parametric study using Eq. A5.2.

Vo 1+ c0s05wo) = 2y + 2 VBB + VBB = [VBrk = Yok - ok -

/YBY&) (D 1.2)

Figures D1.4-D1.6 further depict the impact of medium temperature over the
wettability characteristics between different types of solid surfaces and a polar probe
liquid droplet. We observed from Figure D1.2 that the complete wettability region
is difficult to reach for a non-polar solid surface (}/53 =50 mN/m, and y;i =0 mN/m).
Moreover, even the partial wettability will never be achieved at the elevated
temperature. We observed similar dependency on temperature for the wettability of
polar droplet over a highly polar solid surface (}/53 =50 mN/m, and )/;J* =50 mN/m)
from Figure D1.3.

The effect of the medium temperature on highly polar solid samples is shown
in Figure D1.5. As can be seen in Figure D1.5a, a wide range of wettability region
is possible for this case at lower temperatures. Complete wettability can only be
observed at a lower temperature (e.g., 7=10 °C, Figure D1.5a) when the medium
polarity is also low (yf; < 10 mN/m). However, Figure D1.5b shows that even
partial wetting hardly occurs at elevated temperatures. Figure D1.6 depicts the
effects of medium temperature and its interfacial tension variation on the overall
wettability of a SLL system when all the involved phases exhibit polarity. To
understand the actual effect of temperature on a polar probe droplet wettability (y5 =
10 — 0.1 X T mN/m, and y5 = 50 — 0.1 X T mN/m) we theoretically considered
highly polar solid surface for this case (y& =0 mN/m, and y¢- =50 mN/m). The

figure indicates that the underwater solid oleophobicity increases with the increase
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of temperature when all the involved phases exhibit a considerable amount of

polarity.

Drop wettability (cos 0)
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Figure D 1.4: Effects of medium interfacial tension on the solid-liquid-liquid wettability
systems and different temperature, (a) 7=10° C, and (b) 7=90° C for the following
conditions (non-polar solid case): yg* =50 mN/m, y§*=0 mN/m, y3 = 10 — 0.1 X T mN/m,
¥5 =50 — 0.1 X T mN/m, Yoy = 20 + 0.5 X T mN/m. The figure indicates that it will be
very difficult for a polar liquid (oil) to reach even the partial non-wettability regime at the
elevated temperatures. Furthermore, we observed that for a particular solid-droplet
configuration it is possible to alter the wettability only by altering the surrounding medium

temperature.
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Figure D 1.5: Effects of medium interfacial tension on the solid-liquid-liquid wettability
systems at different temperatures, a) 7=10° C, and (b) T=90° C for the following conditions
(high polar and dispersive solid surface tension components case): yg = 50 mN/m, y;i =50
mN/m, y§ =10 — 0.1 x T mN/m,y5 =50 — 0.1 Xx T mN/m, oy, = 20 + 0.5 X T mN/m.

We observe the complete wettability region at lower temperature conditions only.
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Figure D 1.6: Effects of medium interfacial tension on the solid-liquid-liquid wettability

systems and different temperature for the following conditions: y@ =0 mN/m, y§*=50
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