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SUMMARY

Sustainable innovations designed to save water are the need of the hour as the world is heading
towards shortages of clean water. The impact of these innovations can be fully realized if they are
feasible at an industrial level while contributing to the efficiency of the industrial process. With
the goal of saving water and incorporating sustainability industrially, this research project is aimed
at examining the mechanical performance of the materials used to make the membranes so that the
mechanical properties can be correlated to the membrane performance.

The motivation for this research is to gain a thorough understanding of the mechanical properties
of the polymer-supported membranes composed of reduced graphene oxide (rGO) or intercalated
rGO (rGO-X). A sound knowledge of the mechanical properties, like the stiffness (modulus),
transverse stiffness (reduced modulus or Er), the adhesion strength of the rGO layer on polymer,
and the effect of the membrane components, can help understand and improve the membrane
performance. Free-standing rGO/rGO-X films were fabricated and tested to isolate the mechanical
contribution of the thin rGO layer from the polymer support. Lastly, micromechanical models were
used to predict the composite transverse modulus values of the membranes.

Some key observations made during this research project were that compaction improved the axial
mechanical properties of the polyvinylidine fluoride (PVDF) based membranes whereas the
introduction of water negated this improvement. The intercalants acted as pillars, reinforcing the
membrane in the transverse direction. Moreover, the inverse rule of mixtures, and a modified
version of it, estimated values close to the experimental composite transverse modulus values.
Overall, the PVDF supported membranes were stiffer than their polyether sulfone (PES)
counterparts. Tensile testing and nanoindentation of the free-standing films help elucidate that

toluidine blue O and crystal violet were more robust as intercalants as compared to the azo dyes.

XV



CHAPTER 1. INTRODUCTION

The desalting process of crude oil in the petroleum industry consumes an enormous amount of
water to clean the crude oil [1]. The crude oil used in the petroleum industry can be contaminated
with salts and these salts can harm the equipment by promoting corrosion and can negatively affect
the downstream process catalysts. To wash away these salts before the distillation step, a desalting
process is carried out wherein water is used to wash away the salts from the oil [2, 3]. According
to the US Energy Information and Administration (EIA) report, 12.933 million barrels of crude oil
were produced in the United States, per day, in 2023. A barrel contains close to 42 gallons of
crude oil. Each gallon of crude oil requires about 1-1.9 gallons of water for desalting [4]. Thus,
the amount of water consumed by this process, and this industry, is massive, thereby calling for

improved water management.

To treat industrial wastewater, which is heavy in hydrocarbon content, organics and inorganics, a
membrane system needs to be designed such that it can withstand these strong chemicals.
Moreover, the membranes would have to be functional at high temperatures and pressures. To
design such a membrane system, two polymers were explored as the supports — a fluorinated
polymer, polyvinylidene fluoride (PVDF), and a sulfonated polymer, polyethersulfone (PES).
Graphene, the 2D form of carbon, arranges in a stacked structure and is resistant to a variety of
chemicals. The same properties are exhibited by reduced graphene oxide (rGO). The PES and
PVDF polymers supported a thin layer of rGO which was about 130-170 nm in thickness. The

rGO layer was further modified by using a drop-in additive, called an intercalant, and denoted by



‘X’. The rGO/rGO-X layer provided chemical stability, and a tortuous path to the incoming

wastewater, thereby ensuring satisfactory rejection of the wastes to obtain relatively clean water.

This research project was focused on characterizing these membranes. Tensile testing was used to
find the modulus, tensile strength and the toughness of the membranes. Nanoindentation and
accelerated property mapping (HSN) were used to quantify the transverse stiffness of the
membranes. Moreover, free-standing (FS) films were synthesized and tested using a small-scale
tensile testing load frame, to find the mechanical contribution of the thin rGO/rGO-X layer
independent of the polymer support. Modeling was used to predict the composite transverse
modulus and compare the simulated values to the experimental ones. Finally, fragmentation testing
was used to find the adhesion strength of the rGO/rGO-X layer on polymer. Multiple competing
effects, like the processing conditions (compaction and hydration of the membranes), the interlayer
spacing or the d-spacing, arrangement of the intercalant molecules — were all examined to provide

an understanding of the membrane mechanical performance.

The subsequent chapters in this thesis are organized as follows: Chapter 2 provides a background
on membrane separation and the rGO-polymer nanofiltration membranes used in this work;
Chapter 3 gives information regarding the different materials and methods used in this project,
along with the details for preparing the samples and the parameters used for modeling; Chapter 4
examines the effect of the processing conditions, compaction and hydration, on the mechanical
properties of PVDF supported membranes, whereas Chapter 5 discusses the effect of changing the
polymer support and using different intercalants. Chapter 5 also deals with the testing of the FS
rGO/rGO-X films, and how the information obtained from these films complement the data

obtained from the tensile and nanoindentation/HSN tests. Finally, Chapter 6 provides a holistic

2



view of the mechanical performance of the membranes and touches upon the future work of this

project.



CHAPTER 2. BACKGROUND

This chapter aims to provide a broader context regarding the current landscape of rGO-polymer
nanofiltration membranes, intercalants, and free-standing (FS) films so as to provide a

background understanding in this area of research.

2.1. Polymer membranes used for nanofiltration. Membranes are materials that can act as a
hindrance or obstruction for certain molecules, while allowing other molecules or ions or solvent
to pass through. A simple way to imagine a membrane is to compare it to a sieve, wherein the
membrane acts as ‘semi-permeable’ or ‘selective’, allowing only certain sizes of molecules or ions
to pass through it, thereby displaying a sieving action [5]. Membranes can be classified based on
how the transport of molecules or ions takes place through them — hydrostatic pressure, vapor
pressure, concentration, or electrical potential can be the major driving forces for filtration [6]. For
example, electrodialysis, developed in the 1950s to treat brackish water, uses a voltage source to
drive the wastewater through cathodes and anodes to separate ions [7, 8]. Dialysis membranes,
commonly employed in medicine, work on the principle that different concentrations on two sides
of the membranes lead to the separation of molecules based on size [9]. Distillation is an example
of a separation process driven by heat and thereby the vapor pressure created [10]. Microfiltration
(MF), ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO) are all examples of
membrane separation processes which rely on hydraulic pressure. Nanofiltration membranes have
pore sizes as small as 1 nm. These membranes have pore sizes that are between those for UF and
RO membranes and are used industrially for a variety of applications like water softening, seawater
desalination, biotechnology, textile water treatment, food and medical industries [11-15]. Figure

2.1 shows the different types of filtration processes and the associated pore size and application.
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Figure 2.1: Characteristics of different types of pressure driven separation membranes [16].

Reprinted with permission. Copyright 2016, The Royal Society of Chemistry.

Nanofiltration is a pressure-driven filtration process, where the porous structure of the polymer
provides a tortuous path for rejection of unwanted components from water. Two types of materials
are predominantly used for nanofiltration membranes — ceramics [17] and polymers [18]. Figure
2.2 shows the commonly used materials to fabricate NF membranes. These materials can also be
used to make RO membranes [19]. While ceramic membranes have better thermal stability than
polymeric membranes, ceramic membranes tend to be costly and are not used extensively for this

reason. Scaling up of membrane technologies requires the materials and the fabrication process to



be economical. Polymers are used to prepare nanofiltration membranes due to ease of fabrication,
flexibility, and low cost. Depending on the application, different polymers are used for
nanofiltration, like PES, polyacrylonitrile, polysulfone, PVDF, polyimide, cellulose acetate, and
polyamides [20]. Cellulose acetate and cellulose triacetate can be used to make NF membranes.
The degradation of the cellulose based membranes can be prevented by using a masking agent like

sodium hexametaphosphate [19].

Polymeric Membranes Mixed Matrix Ceramic Membranes

Membranes (MMMs)
Cellulose-based Polymeric membranes Metal oxide
membranes with metal oxide fillers membranes
Thin-film composite Polymeric membranes Carbon-based
membranes with carbon-based fillers membranes

Figure 2.2: Materials that are commonly used to make nanofiltration membranes [19]. Adapted

under the terms of the CC-BY 4.0 license. Copyright 2019, MDPI, Basel, Switzerland.

Recently, thin-film composite (TFC) NF membranes, made out of polymer, wherein two or more
layers are combined to provide enhanced filtration activity are used for desalination processes.
One such example of a TFC NF membrane is shown in Figure 2.3. In this figure, the top layer,
which is termed as the ‘active layer’ is most commonly made of crosslinked polyamide. The

second layer is the microporous substrate which can be made out of polysulfone, carboxylated



polysulfone, or PES . The backing layer is usually a thick non-woven polyester layer [21-23] .
Besides the polymeric and the ceramic membranes, a third category of NF membranes exists,
referred to as the mixed-matrix membranes (MMMs). These membranes are made by

incorporating a metal oxide filler or an organic filler in a continuous polymeric phase [24, 25].

Top layer - Polyamide layer

QQQQOQ OQ O Q O > Middle layer - Microporous substrate

e " ;
R iﬁm‘%{’%%vzz’ R \@magg%; Bottom layer ~ Backing layer

Figure 2.3: A schematic showing the different layers of a thin-film composite nanofiltration
membrane [21] . Adapted under the terms of the CC-BY 4.0 license. Copyright 2014, Taylor and

Francis.

PVDF is one of the membrane supports explored in this research. PVDF, a semi-crystalline
thermoplastic (about 70% crystalline) [26], shows a low glass transition temperature of about -40
°C, and a melting point of about 180 °C [27]. The chemical structure of PVDF is shown in Figure
2.4. The fluorine in its backbone provides it with a high melting point along with chemical
resistance. PVDF mainly exists in its a form, although its g form exhibits piezoelectric and
ferroelectric properties, making it useful as a space application material as listed by NASA [28].
Besides NF membranes, PVDF finds applications in piezoelectric sensors, oil and gas industry

pipelines, for 3D printing biomedical sensory devices, and as a composite with conductive fillers



for use in flexible electronics [27, 29-32]. For use in high temperatures, PVDF is often chemically

crosslinked with other materials [33].

L
__(l:_?__
H F

Figure 2.4: Structure of PVDF — Attribution - By NEUROtiker - Own work, Public Domain,

https://commons.wikimedia.org/w/index.php?curid=3813386

Aside from PVDF, PES was also used as a membrane support material in this research. PES is an
amorphous thermoplastic, has a density between 1.2 to 1.8 g/cm?, and a glass transition
temperature of about 225 °C. PES is particularly attractive for membrane filtration since it is
resistant to chemicals like acids, alkalis, and hydrocarbons. The structure of the polymer is shown
in Figure 2.5. The aromatic part of the polymer backbone provides thermal stability to PES, which
coupled with its high stiffness and dimensional stability and a low flammability. These properties
make PES useful for automotive applications like sound insulation and the hood of the car [34,
35], for hemodialysis membranes in the medical industry, for cell cultures to provide an
environment for cell growth, and in microcapsules for drug delivery as well [36, 37]. PES has a
hydrophobic surface, however, it can be made more hydrophilic by surface treatments, so as to
introduce hydroxyl or carboxyl groups. Nevertheless, PES shows hydrogen bonding with water,

making it more hydrophilic than PVDF.
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Figure 2.5: Structure of PES — Attribution —By Ji - Own work, CCO,

https://commons.wikimedia.org/w/index.php?curid=19216919

2.2. Reduced graphene oxide (rGO) used in separation membranes. Graphene, discovered by
University of Manchester professors Giem and Novoselov [38], has attracted significant interest
due to its unique structure and chemical characteristics. Graphene is essentially a 2D form of
carbon [39], a single layer of carbon atoms arranged in a way to provide a high electron density to
graphene. The most straightforward method to obtain graphene is to use a tape and exfoliate the
top layer of graphite [40]. Graphene is resistant to chemicals and pristine graphene has a theoretical
stiffness of 1 TPa [41, 42]. Pristine graphene shows electrical conductivity as high as 6x10° S/m,
a high thermal conductivity of 4000 W/m-K [43, 44], and has a Seebeck coefficient of 350 uV/K
[45]. Graphene cannot be dispersed in water and organic solvents, and solvents like ethanol and
dimethylsulfoxide (DMSO) are usually used to disperse graphene [46, 47]. When graphene is
oxidized to graphene oxide (GO), it loses some of its electrical conductivity, but becomes
dispersible in water due to the presence of polar groups. The structure of GO has been described
by the famous Lerf—Klinowski model, wherein there are islands of aromatic rings in the structure
of GO, which are separated by double bonds and functional groups like epoxy and hydroxyl [48,
49]. GO is reduced to reduced graphene oxide (rGO) since the latter has electrical properties and
a structure closer to those of pristine graphene. However, rGO is not as dispersible in water as GO

[50]. The stacking of rGO galleries, coupled with its chemical resistance and thermal stability,



makes rGO an attractive candidate for a variety of applications in the pharmaceutical industry, in
the paper-making industry to filter kraft liquor, drinking water purification, natural gas
purification, and for rejection of organics and inorganics [51-56]. The simplified structures of
graphene, GO and rGO, and a basic understanding of how rGO is obtained from graphene, is

shown in Figure 2.6.

@ Carbon @  Oxygen Functional group
PO
o:“l Py g“x
glpe 88 g8 B g S
v:':“':x 3 ¢ Reductio oS, :".‘: ©,
R P vy
& ::‘th:'“vzzx é “::ue“vu“zuz
a2, ( L L
o“x (b) 0“;’“
* Graphite Graphene oxide Reduced graphene oxide

Figure 2.6: Schematic showing the structure of graphene, GO and rGO [57]. Adapted under the

terms of the CC-BY 4.0 license. Copyright 2015, Korean Carbon Society.

The conversion of graphite to GO was done by Brodie in 1859 by adding potassium chlorate to
graphite in fuming nitric acid. Another method was proposed wherein concentrated sulfuric acid
was used along with nitric acid, and this approach was called the Staudenmaier method named
after its founder [58]. However, to reduce the reliability on such highly concentrated acids, high
temperatures involved in the Staudenmaier method, and the slow pace of the reaction, Hummers
and Offeman introduced a new way of producing GO [59-61]. This method, which used sodium
nitrate and potassium permanganate, dissolved in concentrated sulfuric acid, is today called the
Hummers method (Figure 2.7). The use of KMnO4 made the reaction faster, and there was no ClO2

gas produced since no chlorate was used [62]. While this was a quick method to GO, the challenges
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of the toxic gases produced (like NO2 and N204) remained unresolved [59]. Most of the research
done today uses some sort of modified version of the original Hummers method. Some of the
modified methods include changes like getting rid of the NaNOs used in the process, pre-oxidizing
graphite before adding KMnOg, partially replacing KMnOa4 with K2FeO4, or reducing the amount
of concentrated sulfuric acid used. The goal of the modifications to the Hummers method is to
synthesize GO by reducing or removing the toxic gases produced, reducing costs and reaction

time, improving scalability and making the whole process eco-friendly [59, 63-65].

Graphene oxide (GO)

Graphite

Water

= outlet
Condenser —> =

Thermometer =

l 2, . Water
inlet
e i —
Washing and
Oil bath —»> | \ centrifugation

H,SO, + KMnO, + NaNO,

@ Oxygen @& Carbon () Hydrogen

Figure 2.7: A schematic showing the Hummers method used to synthesize GO from graphene
[62]. Adapted under the terms of the CC-BY 4.0 license. Copyright 2021, The Authors.

Published by Elsevier Ltd.

GO can be reduced to rGO using electrochemical reduction wherein the reducing agent is an
electron [66]. rGO can also be obtained by thermal reduction of GO powder at a temperature
between 200-400 °C. Thermal reduction is a low-cost method of obtaining rGO from GO [67, 68].
Another method to reduce GO is the hydrothermal method wherein only water along with nitrogen

or hydrogen gas is required to reduce GO in an autoclave at a moderate temperature of 180 °C,
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wherein a particular work in literature shows that applying a pressure of 40 bar helps drive the
reduction process [69]. While hydrothermal reduction is an environmentally friendly option of
reduction, using a biomolecule is also a green approach to reduce GO to rGO [70]. Some works
have reported the use L-cysteine [71], which is an amino acid, to reduce GO to rGO. The chemical
method to reduce GO involves different reducing agents like hydrazine hydrate, sodium hydroxide,

or sodium borohydride [72, 73].

Efforts in the field of rGO membranes and films have been made by research groups exploring
rGO nanofiltration membranes wherein rGO is intercalated with a polyelectrolyte for use in
biological membranes and to fabricate rGO membranes for conductive electrodes [74, 75]. A group
at University of Manchester has worked to develop rGO flexible barrier films which are inert to
gases and water vapor, to be used in the medical and biological industries [76]. rGO can be
intercalated with carbon nanotubes (CNTSs) for drinking water purification, blended with titanium
dioxide for water softening membranes, and can be used to make nanocomposites with metal oxide
nanoparticles to make nanofiltration membranes [51, 77, 78]. While GO membranes have been
explored in previous works from the Nair Group at Georgia Tech [79, 80], a shift to rGO was
required to decrease the interlayer spacing and also to get better salt rejection results [56]. A
particularly intriguing property of graphene (or GO or rGO) is the stacked structure that it exhibits
[81], which provides a tortuous pathway to the incoming wastewater, allowing water to pass

through while rejecting the unwanted solutes.
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Figure 2.8: A schematic showing how a typical graphene membrane works (for RO). In this
figure, the water molecules, indicated by red and white, pass through the membrane, whereas the
larger golden particles which could be salt ions or other unwanted ions, are blocked. The blue
arrows in the figure are indicative of the pressure which drives this filtration process [82].

Reprinted with permission. Copyright 2012, Springer Nature Limited.

Polymer-supported rGO shows a prominent substrate effect, wherein the mechanical properties of
this composite-like system are dominated by those of the polymer support. To understand the
properties of the rGO layer, FS films of rGO can be produced and characterized. These films have
applications outside of membrane studies as well. Wearable electronics need to be smaller but
flexible, and capacitor sizes need to decrease while electron transport needs to be optimized,
lithium ion batteries require smaller cathodes — all these applications call for the fabrication of FS
graphene or rGO films [83-85]. These films are analogous to bucky papers or FS carbon nanotube
films [86]. Another application of the FS rGO films is in rejecting salts during the desalination
process. A schematic showing the stacked rGO layers rejecting the salts and only allowing the
water to pass through has been shown in Figure 2.9. Drawing inspiration from FS CNT papers,
much research in literature has been directed towards developing FS graphene and GO. There are

a number of ways to make FS GO films some of which include spontaneous delamination from a
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polymer support like mixed cellulose ester (MCE) [85, 87], a method involving camphor and
etching on copper [85, 88], self-assembly and solvent evaporation [85]. rGO does not have a very
high electrical conductivity, and to overcome this challenge, there has been research to develop

FS films of rGO which can be used for photoelectric devices [89-91].

Figure 2.9: Stacked layers of free-standing rGO are capable of acting as membranes to reject the
salts during the desalination process. In this research study, the water was evaporated using solar
energy [92]. Adapted under the terms of the CC-BY 4.0 license. Copyright 2020, Pengyu Zhuag

et al. Published by De Gruyter, Berlin/Boston.

2.3. Intercalants used for separation membranes. Intercalants are molecules which can be added
in a structure to play a functional role in some process. To funnel down this definition, pertaining

to this project, an intercalant improves the rejection properties of the nanofiltration membranes
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and thereby the overall performance of the membranes. Intercalants can come in various forms
like nano-alumina, methyl phosphonic acid, ferric oxide, or phytic acid which is derived from plant
seeds. lons, like K*, Na*, Li*, Mg?*, and AI®*, can also act as intercalants in separation membranes,
depending on the composition and application of the membranes [93]. The choice of the intercalant
is largely governed by the chemical interactions of the intercalant and the other components, the
cost of the intercalant, and the ease of formulation and scale-up [94]. While intercalants increase
the d-spacing inside the membrane microstructure, these molecules or ions have shown an increase
in the rejection numbers for the membranes as well. The intercalants provide hindrance or act as a
barrier as the solute tries to pass through the membrane, thereby increasing rejection. MXenes and
GO membranes are often intercalated with molecules or ions of different shapes, sizes and forms.
In literature, GO membranes have been fabricated with multifarious intercalants like titanium
dioxide, silicon nitride, boron nitride, silicon dioxide, surfactant like cetyltrimethylammonium
bromide (CTAB), carbon nanotubes, and dye molecules like acid orange, methyl blue, crystal
violet, chrome black, Congo red, and eosin [93-97]. These intercalants are also called ‘nano
spacers’ in literature [94], since their primary function is to tune or modify the interlayer spacings
in the membrane. Figure 2.10 shows a polyamide membrane having a GO layer which incorporates
nanoparticles like titanium dioxide, silicon nitride, and silica as intercalants. The tortuosity
provided to the incoming water and the sieving of the ions/molecules can be seen in this schematic
[96]. In that work, the intercalated membranes were able to reject organic dyes like methylene
blue, basic fuscin, methyl orange and Evans blue from industrial wastewater while maintaining a
flux between 11-15 Lmhrbar? depending on the intercalant chosen between TiOz2, SiO2, and
SisN4. After incorporating TiO: as the intercalant, the interlayer spacing increased from 0.753 nm
to 0.798 nm, and this increase led to an increase in water flux, while the intercalant molecules

continued to reject the dyes satisfactorily by providing physical size sieving.

15



O 0 .‘ Q:

Nanoparticles  Positively neutral Negatively
charged charged

I O '+

Sandwich structure

Figure 2.10: A schematic showing the sieving effect and the tortuosity to the path of incoming
water provided by the intercalated GO-polyamide membrane. The intercalants are shown as blue

nanoparticles in this figure [96]. Reprinted with permission. Copyright 2018, Elsevier.

2.4. Bridging the gap in literature. In conclusion, polymers are attractive support materials for
NF membranes owing to their ease of fabrication and low cost. This research specifically describes
the use of PVDF and PES polymers as support materials, having a thin layer of rGO on top (Figure
2.11 shows the schematic for the membrane). rGO is suitable for treating industry wastewater since
it is chemically resistant and mechanically robust. Moreover, the stacked layers of rGO provide a
sieving effect, and reject the unwanted molecules, allowing only water to pass through. The
intercalants (different dye molecules in this case), act as hindrances in the galleries of rGO, further
improving the rejection properties of the membranes. There are different works in literature which
describe the use of polymer-supported GO/rGO membranes, the use of intercalants, FS GO films,
and the application of micromechanical models to composite systems. This project aims to cover
these different areas of research, for a family of membranes, by providing results obtained from a
comprehensive set of mechanical tests. The findings of this research aim to support the further
development of these membranes and an understanding of their performance, by investigating the

effects of different polymer supports and intercalants on the processing-structure-property
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relationships of rGO membranes. While there has been research on FS films in literature, this
project details not only the fabrication and imaging but also the axial and transverse mechanical
properties of the FS rGO/rGO-X films. Based on the initial dataset collected, these results will
assist in the future design of similar membranes, enabling the production of a family of rGO-based
membranes with specific performance targets. Figure 2.11 shows schematically the rGO/rGO-X
on polymer membrane used in this research. The rGO/rGO-X layer was approximately 130 nm

thick, whereas the polymer support was significantly thicker.

 rGOorrGO/TBO  [euERE

Polyethersulfone (PES) or polyvinylidene
fluoride (PVDF) support 140-180 um

Figure 2.11. Schematic of the polymer-supported rGO/rGO-X membrane used in this research
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CHAPTER 3: MATERIALS AND METHODS

The primary focus of this project was to quantify and compare the mechanical properties of
rGO/rGO-X polymer membranes as well as assess the effects of processing conditions such as
compaction and water addition on the mechanical properties of the membranes. For this purpose,
different testing methods such as tensile testing, nanoindentation, and fragmentation were
employed. To understand the microstructure of the membranes, scanning electron microscopy
(SEM) was used. Furthermore, to isolate the effects of the rGO/rGO-X layer from the underlying
support, FS rGO/rGO-X films were synthesized and tested. This chapter discusses the general
theory for the tests and how they helped in the study. Following the testing theory, materials and
sample preparation is discussed. The last part of the chapter touches upon the test methodology

specific to the project.

3.1. Materials:

PES Ultrafiltration (UF) membranes and PVDF TriSep Flat Sheet UB70 UF membranes
(manufacturer — Mann+Hummel Water and Fluids Incorporation) were purchased in roll form,
from Sterlitech Corporation. Both membranes had an effective pore size of 30 nm, and the PVDF
membrane had a nonwoven polyester backing material. The MCE membrane filters were
purchased from Millipore Sigma and had a diameter of 90 mm and a pore size of 25 nm. The GO
suspension was made using the modified Hummers method as has been described in previous work
from the Nair Group [80], and the GO was reduced to rGO using NaOH. The concentration of the
GO suspension was 1 g/L. Different dye molecules, referred to as intercalants, were added to the

rGO suspension. The intercalants, toluidine blue O (TBO or TZ-1), methylene blue (TZ-2),
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methylene green (TZ-3), thionin (TZ-4), bismarck brown (AZ-1), allura red (AZ-3), crystal violet

(TM-1), gallocyanin (OX-1), and eosin-b (FL-1), were purchased from Sigma Aldrich.

3.2. Sample Preparation:

The samples tested as a part of this thesis included membranes supported on two polymers, PES
and PVDF. The membranes were tested under different conditions, i.e. the dry and wet states along
with the as-produced and compacted states, to understand the effect of processing conditions on

the mechanical properties of the membranes.

The mechanical testing, production and characterization of FS films, and modeling work described
in this thesis were a part of a larger project that was aiming to produce membranes and characterize
their performance in selected feed streams. The sample preparation was performed by other team
members on this project, but a brief overview of the sample preparation is provided here for
reference. To begin the membrane production process, a GO suspension was prepared by the
modified Hummers method, followed by the reduction of GO to rGO by NaOH. The intercalants
were added into the rGO suspension as a drop-wise additive at different weight loadings, and these
suspensions were used to prepare the membranes. The rGO suspension was sonicated with the
desired amount of 0.5 g/L of the dye solution for 5 minutes before vacuum filtering this suspension
on the polymer membrane. The rGO-TBO dispersions were made using 0.05 mg, 0.1 mg, 0.25 mg
and 0.5 mg of TBO, per mg of rGO, for the PVDF supported membranes. The rGO-X dispersions

had mass ratio 10:1 for the other intercalants supported on PES.
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3.2.1. Preparation of bare polymer supports (PES and PVDF), rGO-polymer membranes,
rGO-X-polymer membranes, and their compacted counterparts:

A piece of the PES or PVDF support was cut from the roll and then a circular sample of 90 mm
diameter cut from this piece. The supports were kept in a sealed bag to maintain the slightly wet
state of the membranes. The roll direction was marked while preparing the samples since the
uniaxial tensile tests were conducted parallel to the roll direction. The rGO/rGO-X suspension was
vacuum filtered on the porous polymer support (PES or PVDF), followed by drying and/or

hydraulic compaction. Table 3.1 shows the different membranes tested in as a part of this research.

Table 3.1: List of membranes used in this work

Loading(s) of the
Membrane State Intercalant intercalant (wt.%)
Bare PVDF Dry non-compacted - -
Dry compacted
(compacted using the
Bare PVDF crossflow cell at 30 bar - -
and the hydraulic press at
30 bar)
Bare PVDF Wet non-compacted - -
Wet compacted
Bare PVDF (compacted using the - -
hydraulic press at 30 bar)
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Table 3.1 Continued

rGO-X on PVDF Dry non-compacted TBO/TZ-1 0,4.8,9.1, 20, 26
Dry compacted
rGO-X on PVDF (compacted using the TBO/TZ-1 0,4.8,9.1, 20, 26
dead-end cell at 30 bar)
rGO-X on PVDF Wet non-compacted TBO/TZ-1 0,4.8,9.1, 20, 26
Wet compacted
rGO-X on PVDF (compacted using the TBO/TZ-1 0,4.8,9.1, 20, 26
dead-end cell at 30 bar)
Bare PES Dry non-compacted - -
Dry compacted
Bare PES (compacted using the - -
hydraulic press at 30 bar)
rGO-X on PES Dry non-compacted TBO/TZ-1 0,9.1, 26
Dry compacted
rGO-X on PES (compacted using the TBO/TZ-1 0,9.1, 26
dead-end cell at 30 bar)
Dry compacted
Bare PES (compacted using the - -
hydraulic press at 50 bar)
TZ-1,TZ-2, TZ-3,
rGO-X on PES Dry non-compacted TZ-4, AZ-1,AZ-3, 0,9.1

T™-1, OX-1, FL-1
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Table 3.1 Continued

Dry compacted TZ-1,TZ-2, TZ-3,
rGO-X on PES (compacted using the TZ-4, AZ-1,AZ-3, 0,9.1
dead-end cell at 50 bar) | TM-1, OX-1, FL-1

The vacuum filtration, which took 5-10 minutes to complete, used a Rocker 300 or a Rocker 400
vacuum pump. After vacuum filtration and 24 hours of drying at room temperature, a circular
shape of nominal diameter of 47 mm was cut from the larger 90 mm diameter membrane and then
were supported by a ceramic holder and placed at the bottom of the HP4750X Sterlitech dead-end
stirred permeation cell. For compacting the rGO-polymer membranes, hydraulic pressure was
applied using ultrahigh purity nitrogen gas. The maximum capacity of this high-pressure cell was
300 ml, with a maximum pressure of 2500 psi (~172 bar). A transmembrane pressure (TMP) of 30
bar was used for 48 hours for PVDF based membranes, and a pressure of either 30 bar or 50 bar
was used for PES based membranes, depending on the purpose of the experiment. The rGO-TBO
on PES membranes were compacted at 30 bar to compare the tensile testing and the
nanoindentation results obtained from the change in substrate. The rGO-X on PES membranes
were compacted at 50 bar, since this TMP would be used for the flux and permeation
measurements on these membranes (this will be related to a part of the upcoming paper from the
Nair group at Georgia Tech). As a part of the component effect studies involving different
intercalants, a PES supported membrane containing the baseline intercalant TBO, was also
compacted at 50 bar. To simulate these compaction conditions for the bare polymer supports (PES
and PVDF), the supports were compacted using a hydraulic press (Carver model 4386) for a period
of 48 hours. The compaction was performed by holding the supports under a pressure of 30 or 50
bar during the day and 10 bar pressure overnight over a span of 48 hours. A simulated compaction

procedure for the bare supports was used because the water flux through the bare supports was
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high in the dead-end cell, making it impractical to compact the supports in the same way as the
rGO and the rGO-X membranes. The data for the PVVDF supports compacted by the hydraulic
press was used for the nanoindentation experiments of the dry membranes, and for the tensile and
nanoindentation tests of the wet membranes. However, for testing the dry PVDF support in tension,
PVDF was compacted using crossflow conditions. The TMP was maintained at 30 bar during the
day and 10 bar overnight for a span of 48 hours, using the crossflow module set-up (Pioneer
CF047) which had a volumetric flow rate of 0.01 gallons per minute. The crossflow compaction
was done so as to simulate the membrane processing conditions as closely as possible for the
PVDF support. Figure 3.1 schematically shows the steps involved in the membrane fabrication

process.

Figure 3.1: Steps involved in the fabrication of the membranes.
The membranes containing intercalants were prepared in a similar fashion as the membranes with
only rGO. The 0.5 g/L intercalant solution was prepared by adding 0.5 g of the dye in 1L of DI
water. The intercalant was used as a drop-in additive, and the rGO suspension was sonicated with
the desired amount of this dye solution for 5 minutes before vacuum filtering this suspension on
the polymer membrane. The same vacuum filtration process was followed to fabricate the

membranes as was used with TBO [98].
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The following calculation for a 3.5 in x 4 in sample shows how the equivalent pressure was

determined for compacting the supports using the hydraulic press:

1. Convert bar to Pa (N/m2): 50 bars= 5 x 108 N/m?
2. Convert N/m?to N by multiplying by sample area: 5 x 108 N/m? x 0.00903224 m? = 45161 N
3. Divide by gravity: 45161 N/ 9.81 m/s? = 4604 kg

4. Divide by 1000 to get metric tons from kg: 4604 kg / 1000 kg/metric ton = 4.6 metric tons.

Note: if other dimensions are used, multiply by 5 x 10® N by the total area in m? of the sample

that will be compacted.

The rGO-TBO dispersions had mass ratios of 1:1, 2:1, 4:1, 10:1 and 20:1 for the PVDF supported
membranes, and a mass ratio of 2:1 and 10:1 for the PES supported membranes. The rGO-X
dispersions had mass ratios of 2:1 for all other intercalants used in this study. The nominal loadings

of intercalants used in this study were given by the following formula [80]:

Amount of intercalant

X 100%

Amount of intercalant (wt.%) = .
Amount of rGO+Amount of intercalant

The mass ratios of rGO-TBO dispersions corresponding to 20:1, 10:1, 4:1, and 2:1 is 4.8 wt.%,
9.1 wt.%, 20 wt.%, 26 wt.% respectively. The 10:1 mass ratio for the other intercalants

corresponded to a 9.1 wt.% loading of those intercalants.

3.2.2. Preparation of wet membranes.
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The membranes are being developed to filter industrial wastewater and hence exposure to water is
one of the important conditions whose influence on the mechanical properties of the membranes
needs to be studied. To study the effect of water on the axial and transverse mechanical properties
of the membranes, the membranes were soaked in DI water in a sealed vial for 24 hours. The
samples were then taken out of the water with tweezers and dabbed twice on each side on a
weighing paper to remove excess water prior to testing. Soaking experiments were conducted for
24-, 48- and 72-hour long periods, but the water uptake by the membranes plateaued after a period
of 24 hours, as was observed by weighing the membranes in the dry state initially, and then

comparing the weight of the membrane in the wet state to the initial weight.

Only the PVDF based membranes were tested in the wet state. The samples with PES as the support
polymer were not tested in the wet state since the rGO or the rGO-TBO layer was observed to

delaminate from the underlying PES support when the sample was soaked in water.

3.2.3. Sample preparation for mechanical testing. Samples of the rGO and rGO-X membranes
installed on polymer supports were cut from circular membranes for mechanical testing with
tensile testing and nanoindentation. Strips of constant width (~6 mm) were cut from the circular
membrane using the gage section of an ASTM D638 type |1 die. The samples were oriented so that
the machine direction of the support material was parallel to the length of the strip. All the samples
were cut into 6-7 strips and samples from the same location of the circular sample were used for

the same test.

3.2.4. Preparation of the free-standing rGO/rGO-X films:
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The FS films were prepared by vacuum filtration of the rGO/rGO-X suspension onto the 47 mm
diameter MCE membrane filter. The vacuum filtration set-ups used to make the FS rGO/rGO-X
films were purchased from Southern Labware, and each of these included a 47 mm glass vacuum
filter holder with a fritted glass support base and a filtering flask kit. The vacuum filtration was
carried out using a Rocker 400 vacuum pump which provided a vacuum pressure of 100 mbar. For
each of the films, 32 or 50 ml of 1 g/L rGO suspension was diluted to 250 ml using DI water. The
32 ml suspension would give a film which would have 32 times the amount of rGO as that on the
membrane (referred to as 32FS), whereas the 50 ml suspension would give an FS film which would
have 50 time the amount of rGO as that on the membrane (referred to as 50FS). The vacuum
filtration took 2-4 days to reach completion upon which the rGO/rGO-X-MCE membrane was
dried in the oven at 35 °C for 24 hours. Then, the rGO/rGO-X-MCE membrane was soaked in DI
water, with the rGO/rGO-X side facing up. Due to the hydrophilic nature of MCE, the rGO layer
spontaneously delaminated from the underlying MCE in a few seconds, as is shown in Figure 3.2.

The FS film was dried in the oven at 35 °C for 24 hours.

Figure 3.2: Image of a 50FS rGO film. The 50FS rGO film was stable to be handled manually.
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After a couple of trial-and-error experiments, the precise experimental conditions were established.
The vacuum filtration was done using a Rocker 400 vacuum pump which pulled a vacuum of 100
mbar (or 700 mm of Hg). The volume of DI water added to the rGO suspension was between 200-
250 ml, and the DI water and rGO suspension were sonicated for 5 minutes. After the addition of
the intercalant, the dispersion was again sonicated for 5 minutes. The vacuum filtration set-up is

shown in Figure 3.3.

Figure 3.3: Vacuum filtration set-up used to make the FS rGO/rGO-X films.

3.3. Measurement Principles and Methods

3.3.1. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is a technique used for obtaining images of the surface and
the cross-section of materials. It uses a ‘gun’ to eject electrons that are used to ‘scan’ or ‘image’
the surface of the sample. SEM gives a higher resolution than optical microscopy because of the

lower wavelength or the higher energy of electrons that the former technique employs. SEM
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imaging is mainly done by detecting secondary electrons and backscattered electrons. For non-
conductive samples, the surface is usually gold sputtered so as to facilitate the imaging.

SEM was used to understand the microstructure of the porous polymers, along with the stacking
of the rGO layers. Cross-sectional SEM was used to find the thickness of the rGO/rGO-TBO layer
on PVDF, when different weight loadings of TBO were used. The same technique was also used
to find the thickness of the rGO/rGO-X layer on PES.

SEM images, using a Hitachi SU8010 Cold Field Emission SEM, were collected for the bare
polymer supports and the supported membranes. The membranes were cooled with liquid N2, cut
using tweezers, and were sputter coated with gold for 45 seconds using the Quorum Q-150T ES
sputter coater. The FS rGO/rGO-X films were cut simply using tweezers and were imaged without

any need for sputter coating.

3.3.2. Tensile Testing

The axial mechanical properties of the bare supports and the supported membranes were
determined using tensile testing with a static load frame (Instron model numbers
68TMR44/55/5866 and 5566). The tests were conducted using an extension rate of 1.3 mm/min
and a 100 N load cell. The strain was calculated using the original sample length of 22 mm, which
corresponded to the grip separation at the start of the test. At least three samples were tested for
each sample type. The thickness of the samples was measured using a thickness gauge (Neotek
Digital thickness gauge, model TL342 NTK). Using the tensile testing data, values for modulus,
tensile strength, and toughness were calculated. Tensile modulus was calculated from the toe
corrected data over a strain range of 0.5 to 1.5%. The tensile strength was given as the maximum

stress endured by the membrane before failure. The toughness was indicative of the energy

28



required to break the sample and was calculated as the area under the stress-strain curve [99]. The
cross-sectional area used to calculate stress was based on the exterior width and thickness
dimensions of the sample and did not account for porosity in the support material. Typical stress-
strain curves for polymer films are shown in Figure 3.4. Since the instrument used for tensile
testing underwent a retrofit service to update electronic components during the course of the
research (as denoted by the two model numbers above), results obtained for the PVDF support
before and after the retrofit service were compared to determine if the retrofit service affected the
results. The force values at strain value of 0.01 mm/mm were not statistically different, so it was

assumed that results obtained before and after the retrofit were comparable.

Strain hardening Mecking

Ultimate strength

Fracture
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Figure 3.4: A typical stress-strain curve for a polymer film, showing the modulus, and the
ultimate strength (or tensile strength). The area under this curve gives the toughness of the
sample. Attribution — By Nicoguaro - Own work, CC BY 4.0,

https://commons.wikimedia.org/w/index.php?curid=89891144
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3.3.3. Nanoindentation and High-Speed Nanoindentation

Nanoindentation is typically used to measure the stiffness and hardness of thin film samples. The
test comprises of an indenter of a specific geometry indenting into the sample, while the load
displacement curve of the indenter is recorded by the instrument. This load-displacement curve
helps calculate the stiffness and the hardness of the sample being indented. The indentation test
consists of three segments, namely, the loading stage, the holding stage and the unloading stage.
The stiffness in the transverse direction is denoted by the reduced modulus (Er) and is associated
with elastic deformation [100]. The Oliver-Pharr method [101] was used to calculate the Er values,

and the following equations were used to extract the Er values from the load-displacement curvel)

N 1)

Where Ac is the contact area and is expressed as follows:
Ac=Coh3 + C;h, + Czhi/z N CghiM N C4h(1:/8 N Cshé/m @)

For the 1-micron radius cono-spherical indentation tip used in these measurements

Therefore, equation 2 can be expressed as:

Ac =-3.14h? + 6.28% 103h, ?)
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Where:

P ax
he = hpa - € > 4)

In the above equations: f is the geometry correction factor equal to 1 since the indentation
tip is spherical, € is the intercept factor with a value of 0.75 [102], and S is the slope of the
unloading curve. Pmax is the peak force value which is determined by the user. Now, equation (1)

can be expressed as follows:

Vr ap (5)

E, = an

L=
2\/(3.14—hc+6.28E3hc)

Different load functions, customized for specific samples, can be designed by the user for
nanoindentation testing (Figure 3.5). For this study, a trapezoidal load function was utilized, with
a loading stage where the indenter tip presses into the sample (denoted by the red line). Once the
designated load has reached the maximum value (Pmax), the indenter is held in position during the
holding stage (denoted by the green line), ensuring proper stabilization of the indenter. Post the
holding stage, the load function shows a decline to zero loading on the sample, indicative of the

indenter moving out form the sample (denoted by the blue line).
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Figure 3.5: A typical loading-holding-unloading curve used in nanoindentation.

High Speed Nanoindentation (HSN) was used in this work as well. Commercially, high speed
nanoindentation is referred to as Accelerated Property Mapping (XPM). HSN, introduced by the
company Bruker, is a technique used to find the transverse stiffness of the samples, similar to
nanoindentation, but 21 times as fast. This technique makes use of a grid and skips the piezo
settlement and the drift measurements steps, thereby giving the results in a couple of minutes for
10 indentations, which would normally take half an hour by nanoindentation. HSN uses very fast
electronic data acquisition and the loading, holding and unloading stages of the cycle are confined
only to fractions of a second. This method is also referred to as ultra-fast nanoindentation [103,

104].
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Nanoindentation experiments were performed using a nanoindenter (Bruker TI-980
Triboindenter). The sample strip cut from the as-produced circular membrane was mounted
horizontally on a half-cylinder and held down by pins on both sides to ensure a stable surface for
the indentation (Figure 3.6). The experiments were conducted using a conospherical diamond
indenter with a 1.3 um radius and a maximum normal force of 40 uN. Ten indents were made on
each sample, and a trapezoidal area function was used to calculate the values of reduced modulus
(Er). A box and whisker plot was constructed for each sample to identify and eliminate any outlier
data points, and the average was taken thereafter using the remaining data points. The rGO-X/PES
samples were examined with HSN using the same nanoindentation instrument. Given the
difference in indentation rates, the values obtained by nanoindentation and HSN were not

compared quantitatively.

Figure 3.6: Experimental set-up for nanoindentation- the membrane sample (highlighted by the

red box), is held down by pins onto a cylinder which is stuck on the stage.

The nanoindenter calculated the value of Er using equation (1), where Ac is the contact area and 3
is the geometry correction factor of 1 since the tip is spherical. S is the slope of the unloading curve
in the load-displacement curve for the indent and is representative of the sample stiffness. This

expression for Er accounts for the deformation in the indenter tip as well as the deformation in the
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sample. However, the indenter tip which is made of diamond, is much harder than the sample, so

the calculated value of Er is assumed to be representative of the sample only.

HSN was used to measure the Er values for the dry, PES supported membranes containing TBO
and also the new intercalants. This technique was performed since the instrument was facing
problems while performing nanoindentation at that time phase. However, since HSN was
performed on all new intercalant containing membranes, this data set is self-comparable. The
sample was mounted in the same way as shown for nanoindentation, and a trapezoidal load
function was used for HSN as well. The indentation pattern and peak force values were kept the
same as for nanoindentation, however, the loading, holding and the unloading times were
modified. The loading and unloading times were set at 0.5 seconds, and the holding time was kept
at 0.1 seconds. The data acquisition set was adjusted accordingly. A preload of 2 uN was

maintained to ensure that the indenter was in contact with the sample surface.

3.3.4. Tensile testing of FS films

A small scale mechanical testing load frame (TA Instruments ElectroForce 3100 Mini) was used
to test the FS rGO/rGO films. These films were brittle and required a small load cell to be tested
in tension. A 1N load cell was used for testing these FS films at a shared facility (Biomechanics
lab) in Georgia Tech. The extension rate was maintained at 0.008 mm/s for a gage length of 8 mm.
This extension rate was chosen so that these tests would use a similar strain rate as the
fragmentation testing of the supported samples. The clamps for the small-load tensile testing frame
were manufactured using a 3D printer (Markforged Gen 2 21446), out of Onyx filament (a blend

of nylon and carbon fibers), at the Montgomery Machining Hall at Georgia Tech. The clamps had
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nylon screws (glass-filled nylon raised-head thumb screws, 1 high-strength, 10-32 thread size, 1”
Long) for tightening and loosening purposes, which were purchased from McMaster Carr. The
vinyl stickers used for mounting the free-standing films in the small-scale tensile testing load frame
were obtained, and cut using the vinyl cutter Cricut Maker 3, at the Materials Innovation and

Learning Laboratory (MILL) at Georgia Tech.

The 50FS films were chosen for this test over the 32FS films, since the former were stable when
handled with tweezers and mounted in the tensile testing load frame. The width of the samples was
kept below 2 mm to maintain a sample length to width ratio of 4:1. The width of the samples was

measured using Image J software to get accurate values.

The small-scale tensile testing gave the load-displacement data of the FS films under tension. The
fracture stress is the stress at fracture for the sample. This fracture stress value was calculated using

equation (7):

Load at fracture (6)
Cross sectional area

Ufrac -

The modulus values were also calculated for the 50FS films. To do so, the stress and strain values
were calculated for each of the film samples. The stress value at each point of the test was
calculated by dividing the load (or the force) at that point by the cross-sectional area of the film.
The elongation in the sample was found from the displacement data obtained from the test. The
elongation, divided by the initial length of 8 mm, gave the strain values at each point of the test.

The stress values of the samples were plotted against the strain values and the modulus was
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calculated as the slope of the linear part of this curve. The reported modulus values are an average

of the modulus values of two to three samples tested for each of the 50FS films.

3.3.5. Fragmentation Test

In addition to standard tensile testing to failure, tensile testing was used for fragmentation testing
[105]. The adhesive strength value is indicative of how strongly the rGO is bound to the polymer
support, and if the addition of an intercalant influenced this adhesion or not. Adhesion can vary
substantially and affects the macroscopic mechanical properties even though the rGO-based layer
is quite thin in comparison to the support thickness. In order to find the adhesive strength value,

fragmentation testing was explored.

In fragmentation testing, the supported membrane samples were deformed in tension to a
prescribed strain value which was 10%, that is, beyond the elastic limit but before sample failure.
After being deformed, the sample was removed from the testing frame, and the sample surface
with the membrane was imaged using an optical microscope (Keyence VHX 7000 series). The
thickness of the rGO/rGO-X layer was found from the cross-sectional SEM images of the
membranes. The fracture stress of the rGO/rGO-X layer was calculated using the small-scale
tensile testing of FS rGO/rGO-X films. The testing produced cracks in the rGO/rGO-X membrane
that propagated perpendicularly to the loading direction. Measurements of the crack spacing were
made, and these measurements are used with the formula shown below to understand the interfacial

adhesion in terms of the interfacial shear traction: ©)

3 h
Tmax = anafrac
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where, tmax IS the interfacial shear traction, h is the thickness of the rGO/rGO-X layer found from
cross-sectional SEM images of the rGO/rGO-X on PES membranes, A is the mean spacing between
the cracks found by viewing the fragmented samples under the optical microscope, and ofrac is the
fracture stress of the rGO/rGO-X film which was calculated using the small-scale tensile testing

of the FS rGO/rGO-X films.

A high value shear traction translates into a greater adhesion of the rGO/rGO-X layer on the porous
polymer support. Fragmentation was used to quantify the interfacial shear traction between the
rGO/rGO-X layer and the polymer support. For this, the samples were cut into strips similar to
those for tensile testing, with the strips for the fragmentation test being taken from the same

location on the circular sample so as to ensure uniformity across all samples.

Figure 3.7 shows one of the samples which was fragmented and then imaged on the same day. The
white vertical lines on the sample are the cracks generated as a result of the fragmentation test. A
horizontal line (denoted in yellow) is drawn perpendicular to the cracks. The length of this line is

divided by the (number of cracks — 1) to find the mean or average spacing between the cracks.
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Figure 3.7: Fragmented compacted rGO-AZ-3 at a magnification of 200x.

A protocol (as shown in Figure 3.8) was set up for imaging the samples at multiple locations, and
at three different magnifications of 200x, 500x, and 1000x. The fragmented membranes showed
cracks throughout the length of the sample and not simply at two or three locations when viewed
at these magnifications. The data used for the analysis were the edge-location data, that is, the

cracks that originated at the edges of the fragmented membrane sample.
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Figure 3.8: Protocol for choosing different locations on the fragmented sample to ensure that the

cracks are observed at the edge and the central locations systematically

3.4. Modeling

In literature, micromechanical models like the inverse rule of mixtures or the lower bound mixing
rule, have been used to quantify the mechanical strength of composites [106]. A modification of
the inverse rule of mixtures is used for the transverse mechanical properties of the composites,
known as the Bull Model [107]. This model focuses on the geometry of the indentation system and
calculates the volume fraction as a function of the maximum indentation depth and the thickness
of the coating layer. The mathematical form of the models and the expression for the volume

fractions of the graphene and the polymer layers are shown in the equations below:

The inverse rule of mixtures or the lower bound rule of mixtures:

Ec Eg Ep

1YW ®)

The Bull Model:
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Where Ec is the Ervalue of the rGO/rGO-X layer supported on the PES polymer, Ejp is the Er value
for the bare non-compacted PES support, Eg is the Er value of the FS rGO/rGO-X film, Vg is the
volume fraction of the rGO/rGO-X layer, Vp is the volume fraction of the PES support, tr is the
thickness of the rGO/rGO-X layer found from the cross-sectional SEM images of the rGO/rGO-X
on PES membranes, h is the average hmax (maximum indentation depth) value obtained from the
nanoindentation experiment of rGO/rGO-X on PES sample, and i is the half angle of the tip

conical indenter at the maximum load.

The volume fraction of the rGO/rGO-X layer was calculated by dividing the thickness of the
rGO/rGO-X layer by the total indentation depth (hmax) while indenting a supported sample.
Subtracting this value from 1 gave the volume fraction of the polymer. These volume fraction
values are not representative of the whole membrane sample, and only represent the volume of the
sample which was indented. The Eg value was taken as the Er value for the nanoindentation test
performed on the lower side of the 50FS film. The lower side was the side in contact with the MCE
membrane filter. The samples considered for the modeling were non-compacted rGO, rGO-TM-

1, rGO-AZ-3 and rGO-TZ-1, on PES.
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CHAPTER 4. EFFECT OF COMPACTION AND WATER ON THE
MECAHNICAL PROPERTIES OF PVDF SUPPORTED MEMBRANES

The membranes were compacted using the dead-end permeation cell as a part of the membrane
fabrication process. Moreover, the chief application of the membranes was to filter out wastewater,
meaning that the membranes would be exposed to water. Given this information, hydraulic
compaction and exposure of water could influence the mechanical properties of the membranes.
This chapter aims to understand the effect that the compaction process and the introduction of
water would have on the mechanical properties of the PVDF supported membranes. The axial
mechanical properties of the membranes were tested using tensile testing, whereas nanoindentation
was used to measure the transverse mechanical properties of the membranes. The baseline
intercalant, TBO, was added at four different weight loadings in the PVDF supported membranes.
The rGO/rGO-TBO membranes were compacted under a hydraulic pressure of 30 bar for a period
of 48 hours and the bare PVDF membranes were compacted using the hydraulic press. The details
of the compaction process, and the process to make wet membranes, has been described in the

previous chapter.

As stated previously, multiple competing effects are at play which affect the mechanical behavior
of these membranes: TBO loading and arrangement of the TBO molecules, pressure applied during
membrane processing (compaction), locking/pinning of the rGO galleries by TBO, and the
introduction of water for the wet membranes. To assess these effects, mechanical testing was
performed on the membranes in four states: dry non-compacted, dry compacted, wet non-

compacted, and wet compacted. In each of these four states, membranes containing different
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amounts of TBO were tested to establish the processing structure-property relationships for these

membranes. Additionally, the supports were tested using the same procedures and in similar states.

Typical stress-strain curves for some samples are shown below in Figure 4.1 for the dry compacted
PVDF membrane samples. Each of the curves can be divided into two parts depending on the
shape of the curve - the initial linear part of these curves shows the elastic deformation of the
membranes, up to the yield stress, after which the membranes undergo plastic deformation as
shown by the non-linear part of the curves. The maximum stress value that the membranes can
withstand before failure is the tensile strength or the ultimate strength of the membranes, and the
strain value at sample fracture is called the failure strain. The area under the curves gives the
toughness or the energy absorbed by the membranes before failure. The curve shapes were similar
for all samples wherein before failure, they experienced a recoverable elastic deformation up to
the yield stress, followed by substantial plastic deformation. The failure strain was largely similar

for the bare support and the supported rGO/rGO-X membranes.
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Figure 4.1: Representative stress-strain curve for the dry, compacted PVDF membranes.
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Figure 4.2 depicts the properties obtained from tensile testing for the non-compacted and
compacted dry rGO-TBO/PVDF membranes. The three properties calculated from this testing
represent different types of responses. Modulus is associated with elastic (recoverable)
deformation, while tensile strength and toughness are associated primarily with plastic
(permanent) deformation. As described in the previous chapter, the cross-sectional areas used to
determine stress values from tensile testing were calculated using the overall sample dimensions,
which included void space in the porous support. This approach could overestimate mechanical
reinforcement effects from compaction if compaction reduced the porosity in the support. To
mitigate this effect, property changes for the rGO and rGO-TBO membranes are discussed relative
to the bare support in the same condition. These results for the bare support are shown in Figure
4.2 as dashed lines representing the upper and lower bound measurement for each property. The
compacted PVDF supports were prepared using a hydraulic press which was assumed to be a

reasonable proxy for compaction in the dead-end cell.
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Figure 4.2: Modulus (a), tensile strength (b), toughness (c), and Er (d) values for the non-
compacted and compacted PVDF membranes in the dry state. The asterisks (*) indicate
statistically significant values when compared to the rGO-PVDF membranes using a t-test with a
95% confidence interval. The bare PVDF membrane has been shown with two dashed lines
which represent the upper and lower bounds of the modulus value obtained from the standard

deviation in that property.

For the non-compacted membranes, the modulus values were similar to or slightly higher than the
bare support. Also, the addition of TBO did not improve the modulus in the non-compacted state.
Considering the membranes with 4.8 wt.%, 9.1 wt.%, and 20 wt.% TBO and comparing these to
the rGO membrane containing no TBO (Figure 4.2a), the tensile modulus decreased. At 20 wt.%

TBO, the modulus began to increase, but it was not greater than that of the rGO membrane. The
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modulus continued to increase for the membrane containing 26 wt.% TBO, and its value was
similar to the rGO membrane. Since the membranes were prepared similarly, the change in

modulus values was attributed to the TBO loading in the rGO layer.

Within the rGO galleries, TBO molecules could be arranged singly, i.e. isolated from other TBO
molecules, or they could form clusters, which varied according to the number of molecules
associated with them and their arrangement. As an example, a TBO dimer would include two
molecules, and it could be arranged as an H-dimer (where the molecules are stacked vertically) or
as a J-dimer (where the molecules are arranged laterally). Other arrangements are possible
involving larger numbers of molecules (trimers, tetramers, etc.) and/or structures that are more
disordered (termed | clusters). Work within the larger project conducted by Muskan Sonker
examined how the molecules arranged as a function of the TBO concentration [98]. In that work,
the population of TBO molecules existing as single molecules decreased as the TBO concentration
increased. Ata TBO concentration greater than 15 wt.%, the molecules showed a higher propensity
to form clusters, with increases in both H-type and J-type clusters. This transition corresponded to
the mechanical property changes observed in this work. The trend observed suggested that
intercalated TBO in the form of single molecules disrupted van der Waals bonding between rGO
layers but that intercalated clusters of TBO provided physical bonding that was able to compensate
for modulus losses due to the incorporation of TBO, similar to z-pinning in laminated composites
[108, 109]. Overall, the addition of TBO did not provide mechanical reinforcement in this range
of TBO loadings. Additionally, tensile strength and toughness followed qualitatively similar trends

to modulus as TBO loading increased.

The property results after compaction were different, and these results are also shown in Figure

4.2. Compaction was found to influence the properties of the bare support and the membranes. The
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modulus, tensile strength, and toughness of the compacted support were increased relative to the
as-received, non-compacted support material, and unlike the non-compacted membranes, the
compacted membranes containing TBO showed higher modulus values than the bare support. With
a TBO loading between 4.8 wt.% and 26 wt.%, the modulus increased relative to the rGO
membrane, though the modulus was similar at all TBO loadings. Since the compacted membrane
containing only rGO did not have a higher modulus value than the compacted support or the non-
compacted rGO membrane, mechanical property increases in the compacted rGO-TBO
membranes were associated with changes in the microstructure of intercalated membranes and
increased adhesion between the components, which would include adhesion between layers in the

rGO-TBO membrane and adhesion between the rGO-TBO membrane and the PVDF support.

In addition to properties associated with tensile deformation, the transverse modulus values of the
supported membranes and the bare support were measured with nanoindentation and reported as
the reduced modulus, Er. The Er values captured a more localized understanding of the membrane
microstructure whereas the values from the tensile test provided a more macroscopic view. At the
controlled force of 40 uUN used in these tests, indentation depths varied from about 100 nm to
approximately 650 nm across all samples, which included samples in the non-compacted and
compacted states. These indentation depths were similar to or exceeded the thickness of the rGO-
based layer, meaning that the value of Er represented the rGO/rGO-TBO layer and the support and
not just the rGO/rGO-TBO layer. However, the properties of the support did not dominate the
results. The indentation depth was greater for the bare PVDF support in all conditions as compared
to the membranes with the rGO/rGO-TBO layer, indicating that the Er values of the rGO-based

layer were higher than the bare support as expected.
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Examining the results for the non-compacted membranes, the TBO concentration and resulting
cluster structure had a different effect on the transverse modulus than the tensile modulus. In
tension, the membrane structure was resisting sliding between rGO layers, whereas during
indentation, the membrane structure was resisting flexure of rGO layers. When TBO existed
primarily as single molecules between adjacent rGO platelets, the value of Er was similar to that
of rGO (4.8 wt.% TBO) or increased (9.1 wt.% TBO). As the TBO concentration increased and
the arrangement of TBO transitioned from single molecules to clusters, the value of Er decreased
and then increased at the highest loading used in this work. In tensile tests of non-compacted
membranes, membranes containing predominantly isolated TBO molecules had decreased values
of modulus. However, in indentation tests, inclusion of single molecule TBO was able to reinforce
the membrane, which was consistent with the type of deformation imposed. As the TBO
concentration increased from 4.8 to 9.1 wt.%, the number of TBO molecules was sufficient to fill
enough of the space between rGO platelets to provide resistance to indentation. When TBO
concentration was increased further, the number of TBO clusters increased. Vertically stacked
clusters would increase the distance between rGO platelets leading to less resistance to indentation
when the spacing between TBO clusters was large and more resistance when their spacing was

smaller, which was the result seen in this work.

Compaction also affected the modulus obtained from nanoindentation tests differently than the
modulus from tensile testing. Compaction did not uniformly increase the values of E: for the
membranes containing TBO. Instead, membranes containing 4.8 and 20 wt.% TBO showed
increased values of Er, and membranes containing 9.1 and 26 wt.% had similar values of Er as
compared to their non-compacted counterparts. The change in Er would be consistent with the

structural reorganization due to compaction. For membranes with 9.1 and 26 wt.% TBO, no
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significant change in Er was observed after compaction. We postulate that this similarity between
the non-compacted and compacted membranes at these TBO loadings correlate to a lesser ability
to undergo structural reorganization when compacted. At these TBO loadings, the membranes may
have reached a critical concentration of TBO monomers (9.1 wt.%) and dimers (26 wt.%) and
reorganization was hampered. Additionally, the value of Er was not changed for the membrane

containing rGO only, which was similar to the tensile testing results.

The bare PVDF support data for tensile testing came from testing the crossflow-compacted PVDF
support. To simulate the conditions used for the membrane preparation as closely as possible, the
support was compacted under crossflow conditions at a TMP of 30 bar for a period of 48 hours.
Figure 4.3 shows the force-strain curves for the non-compacted and the crossflow compacted
PVDF supports. In this figure, the force-strain curves for the non-compacted and the crossflow
compacted supports do not show substantial differences, indicating that the higher modulus value
was a result of the change in the cross-sectional area when the support was compacted.
Specifically, the reduced thickness of the crossflow compacted support led to an increase in the

modulus values of the compacted support as compared to the non-compacted support.

48



[ [ w W
o 4] o 4]
Ll [ -

-
n

Force (N)

10 -

U - T T T T T T T T T T T T T T
0 0.1 0.2 0.3

Strain (mm/mm)

—Non-compacted PVDF —Crossflow compacted PVDF

Figure 4.3: Force strain curves of the non-compacted PVDF support and the crossflow-

compacted PVDF support.

Figure 4.4 shows the axial and transverse mechanical properties of the wet membranes in the non-
compacted and compacted states. The general trend in tensile modulus with TBO loading was
similar to that seen for the dry non-compacted membranes, though the modulus values in some
cases were lower than that for the bare support. For low TBO loadings of 4.8 wt.% and 9.1 wt.%,
the modulus value decreased relative to the rGO membrane, whereas membranes with higher TBO
loadings showed a modulus value similar to that of the rGO membrane. Similar results are seen
for the wet compacted membranes in that values were lower than the bare support, indicating that
including water in the structure negated the effects of compaction. The interactions between rGO
and TBO could be reduced when water is present due to swelling of the rGO layers, leading to the

layers sliding relative to each other when loaded in tension (parallel to the rGO platelets). Under

49



these conditions, the value of modulus would be reduced. The other axial mechanical properties,
tensile strength and toughness, shown in the figure follow the trends shown by the modulus values

of the wet samples.
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Figure 4.4: The modulus (a), tensile strength (b), toughness (c), and Er (d) values for the wet
PVDF supported membranes having different loadings of TBO. The asterisks (*) indicate
statistically significant values when compared to the rGO-PVDF membranes using a t-test with a
95% confidence interval. The bare PVDF membrane has been shown with two dashed lines
which represent the upper and lower bounds of the mechanical property obtained from the

standard deviation in that property.
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For the nanoindentation measurements of the wet non-compacted membranes, the behavior of the
membranes containing 9.1 wt.% and 26 wt.% TBO was qualitatively similar to that of their dry
counterparts. However, the membrane containing 4.8 wt.% TBO showed an increase in the Er
value relative to the rGO membrane in the wet state, which was not observed for the dry
membranes. Compared to the membrane containing only rGO, the introduction of the TBO
molecules, arranged as monomers at 4.8 wt.% loading, could be resisting the flexure of the rGO
layers, by adding transverse stiffness to the membranes. The compacted wet membranes showed
a similar trend in Er values as their dry counterparts, at all loadings of TBO below 26 wt.%. At 26
wt.%, the membrane containing TBO showed an increase in the Er value relative to the rGO
membrane, indicating that due to the high concentration of the TBO molecules, the rGO-TBO
layer was reinforcing the wet membrane. Additionally, the Er values decreased for the compacted
membranes in the wet state as compared to their dry counterparts at TBO loadings less than 26
wt.%. This result suggested that these compacted membranes swell when exposed to water, and
the swelling decreased the transverse stiffness of the membranes. However, at 26 wt.% TBO
loading, the increased H-dimer concentration hindered the swelling, since the Er values of the
compacted membranes with 26 wt.% TBO loading were statistically the same in dry and wet

conditions [98].

Figure 4.5 shows the force-strain curves for non-compacted PVDF and the PVDF compacted with
the hydraulic press. The PVDF support had statistically similar modulus, tensile strength and
toughness values to the support which was used for the dry membrane testing. The force-strain
curves of the non-compacted PVDF and the PVDF compacted with the hydraulic press do not
overlap, indicating that the change in modulus of the bare support in wet state was due to both a

decrease in the cross-sectional area and the effect of compaction on the material structure.
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Figure 4.5: Force-strain curves of the non-compacted PVDF support and the PVDF support

compacted with the hydraulic press.

The key takeaways from this chapter are:

e Compaction led to a decrease in the cross-sectional area of the membranes, thereby
improving the axial mechanical properties of the PVDF supported dry membranes, in
comparison to their non-compacted counterparts.

e However, the introduction of water negated the effect of compaction. The demarcation in
the axial mechanical properties of the non-compacted and compacted membranes was no

longer evident when the membranes were tested in the wet condition.
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For the nanoindentation measurements, the properties of the support did not dominate the
Er value results for the membranes.

The arrangement of the TBO molecules had an impact on the E: values of the dry non-
compacted membranes, wherein the TBO molecules provided resistance to the flexure of
the rGO layers at lower loadings.

Results from nanoindentation measurements of the dry compacted membranes suggested
that at 9.1 wt.% and 26 wt.% TBO loadings, the TBO molecules reach some sort of
saturation, in the monomer and the dimer arrangements, respectively.

Most of the wet compacted membranes showed a decrease in the Er value as compared to
their dry counterparts, further underscoring the effect of water on the mechanical properties

of the membranes.
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CHAPTER 5. COMPONENT EFFECT ON THE AXIAL AND
TRANSVERSE MECHANICAL PROPERTIES OF THE DRY
MEMBRANES

In this chapter, we explored how the choice of support material and its structure affected the
mechanical behavior of the membrane assembly (rGO-TBO layer and support) by comparing the
properties of membranes installed on PES supports to those for membranes installed on PVDF
supports. To investigate the component effect further, some new intercalants besides the baseline

TBO (also referred to as TZ-1) intercalant, were explored as well.

This chapter is divided into five subparts — one focusing on a new substrate, that is, testing the PES
supported membranes containing only the baseline intercalant TZ-1; the other subpart focuses on
the new intercalants on PES; the third part is centered around testing FS films containing different
intercalants to understand the mechanical properties of the rGO/rGO-X layer independent of the
polymer support; in the fourth part, micromechanical mixing models are used to estimate the
composite Er value which is then compared to the experimental values; and finally in the fifth
subpart, the interfacial shear traction, which is a measure of the interfacial adhesion of the
rGO/rGO-X layer on PES, is reported for a select few samples in the non-compacted state. The
PES supported membranes were tested only in the dry state, since the rGO/rGO-X layer
delaminated from the PES support when soaked in water. However, the adhesion of the rGO/rGO-
X layer was sufficient on PES to conduct permeation measurements and serve as nanofiltration

membranes.
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Figure 5.1: Schematic showing the components of the membranes

5.1. Effect of the substrate on the mechanical properties of the membranes. Both PES and
PVDF were classified as hydrophilic materials by the supplier, and the PES support had the same
nominal pore size as the PVDF support. However, the structure of the supports was different, as
shown in Figure 5.2. The PVDF support had a backing material that provided additional
mechanical stability, and the PES support did not. The addition of a backing material to the PVDF

support meant that the PES support was more flexible at ambient conditions.
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Figure 5.2: The cross-sectional SEM images of the PVDF polymer support (a), and the PES

polymer support (b).

Figure 5.3 shows the modulus, tensile strength, toughness, and Er values for the membranes on
PES supports. In addition to the rGO membrane, two rGO-TBO membranes were examined
containing 9.1 and 26 wt.% TBO. The PES membranes, which have a lower modulus value than
the PVDF membranes, showed a similar stress-strain behavior to the latter, with the membranes
elongating beyond the yield stress up to a certain tensile stress value before failing, thereby

having some toughness.

For the non-compacted membranes, the modulus values were similar to the modulus values of the
bare PES support, and this trend was also observed for the tensile strength and toughness values
of the PES supported membranes. Compaction did not change these properties considerably.
Though the modulus of the bare support material increased with compaction, the change was
smaller than what was observed for the PVDF support. The differences seen between membranes
on PES and PVDF supports likely correlated to differences observed in the adhesion of the rGO

layer. As observed through handling the samples, the rGO and rGO-TBO layers were found to
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adhere more strongly to the PVDF support, though adhesion was sufficient in both cases for use
in permeation experiments. Reduced adhesion would affect the mechanical performance since load
transfer between the support and rGO-based layer would be decreased, translating into no
meaningful changes to the mechanical properties as measured by tensile testing. Moreover, the
rGO-PES and the rGO-TBO-PES samples could not be mechanically tested in the wet condition
since the rGO/rGO-TBO layer delaminated from the PES support when the wet samples were
handled with tweezers. While the tensile modulus was unaffected by the addition of TBO, the E,
values, obtained from nanoindentation tests on these membranes, showed a change with TBO
addition for the dry non-compacted samples. Similar to the membranes with PVDF support, the
TBO molecules act as pillars, imparting stiffness to the membranes in the transverse direction and
increasing the Er values of the membranes with 9.1 wt.% and 26 wt.% TBO relative to the rGO
membrane. While the transverse stiffness values of the rGO-PVDF membranes were very close in
value for the non-compacted and the compacted membranes, there was a difference in the Er values
of the non-compacted and compacted rGO-PES membranes. The compacted rGO-PES membrane

showed almost double the transverse stiffness as compared to its non-compacted counterpart.
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Figure 5.3: The modulus (a), tensile strength (b), toughness (c) and Er (d) values for the dry PES

supported membranes having different loadings of TBO. The asterisks (*) indicate statistically

significant values when compared to the rGO-PES membranes using a t-test with a 95%

confidence interval. The bare PES membrane has been shown with two dashed lines which

represent the upper and lower bounds of the mechanical property obtained from the standard

deviation in that property.

Figure 5.4 shows the force-strain curves of the non-compacted PES support and the PES support

compacted with the hydraulic press. The force-strain curves for the non-compacted and the

compacted PES overlapped indicating that the reduction in the cross-sectional area was the main
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contributing factor for any changes in the modulus, tensile strength and toughness values on

compaction of the PES support.

|
1=
e

0.05 0.1 0.15 0.2 0.25
Strain (mm/mm)

—Non-compacted PES Hydraulic Press compacted PES
Figure 5.4: Force strain curves of the non-compacted PES support and the PES support

compacted with the hydraulic press.

5.2. Effect of the intercalant on the mechanical properties of the membranes. While the
substrate influenced the mechanical properties of the membranes, the intercalants were also
changed to evaluate if the intercalant structure played a significant role in the mechanical behavior
of the membrane. The mechanical property values for membranes containing these intercalants
were measured at a loading of 9.1 wt.%. The intercalants used for this study, besides toluidine blue
O (TBO or TZ-1), were methylene blue (TZ-2), methylene green (TZ-3), thionin (TZ-4), bismarck
brown (AZ-1), allura red (AZ-3), crystal violet (TM-1), gallocyanin (OX-1), and eosin-B (FL-1).
The ‘TZ’ intercalants had a thiazine backbone, similar to the TBO dye studied earlier. The ‘AZ’
intercalants had an azo backbone, the ‘TM’ intercalant had a triarylmethane backbone, the ‘OX’
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intercalant has an oxo backbone and the ‘FL’ intercalant was for fluorescent red dye. The structure

of these intercalants along with their dimensions are shown in Table 5.1.

Table 5.1: The different structures and dimensions of the intercalants used with the PES
supported membranes. (The dye molecule dimensions were measured by Muskan Sonker in the
ChBE department at Georgia Tech). The measurements are in Angstroms and were obtained

using Chemdraw 3D.

Toluidine Blue O (TZ-1) Methylene Blue (TZ-2) Methylene Green (TZ-3)
l, N /@N\ cr
oo | [«
N | | CHs NO, CHs
13.1x6.08 x 1.8 14.2x6.08x 1.8 14.2x6.08x1.8
Thionin (TZ-4) Bismarck Brown (AZ-1) Na’ o Allura Red (AZ-3)
HoN B 134x8.1x25
LSOO [k e
— (o]

11.5x49x1.8 174 x7 x1
o® Gallocyanin (OX-1)

o] OH
) N
' L
H5;C
Qe Sy oy
HiCx, _CH;
? fl‘l V'I‘l * CHs3 OH

Crystal Violet HiC.@ CH,
(TM-1)

Br Br
14x12.2x1.8 11.5x6.9x1.8 98x11.6x1

Different dye molecules were chosen from the same class (like TZ-1, TZ-2, TZ-3 and TZ-4 from
the thiazine class, AZ-1 and AZ-3 from the azo class) so as to understand the differences in the
contribution of the dyes with the same chemical backbone, to the mechanical properties of the
membranes. Interclass dyes were compared as well, to understand how different chemical

structures could influence the mechanical properties of the membranes. The membranes used for
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this section of the study were compacted at a TMP of 50 bar. The bare PES support and the rGO-
TBO on PES membrane were also compacted at a pressure of 50 bar, unlike the PES support and
the rGO-TBO on PES membrane tested earlier which were compacted at 30 bar. The PES support
was compacted at a pressure of 50 bar using the hydraulic press for a period of 48 hours. Tensile
test results of PES-supported membranes containing these intercalants (Figure 5.5) did not show

any meaningful statistical differences.

The HSN results, however, did show some differences in the Er values of the membranes
containing different intercalants. All the intercalant-containing membranes in the non-compacted
state showed an increase in the Er value relative to the rGO membrane. This increase in the
transverse stiffness was a result of the pillaring effect of the intercalants, and the different levels
of interactions of the intercalants with rGO. This demarcation between the non-compacted
membranes with intercalants and the rGO-PES membrane was not so evident when the membranes
were compacted. To study the reinforcement ‘pillaring” effect of these intercalants better, FS films

were synthesized and tested for selected intercalants.
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Figure 5.5: Tensile test gave the modulus values (a), tensile strength (b) and toughness (c)
values, and HSN measurements gave the Er values (d), for the PES supported membranes
containing 9.1 wt.% loading of different intercalants. The asterisks (*) indicate statistically
significant values when compared to the rGO-PES membranes using a t-test with a 95%
confidence interval. The bare PES membrane has been shown with two dashed lines which
represent the upper and lower bounds of the mechanical property obtained from the standard

deviation in that property.

5.3. Free-standing (FS) rGO/rGO-X films. This section describes the results from the
mechanical testing of the FS films, along with the scanning electron micrographs of these films to
understand the microstructure of the rGO layers. Two loadings of rGO/rGO-X were used to make
the FS films — 32 times (32FS) and 50 times (50FS) — wherein 32FS films had 32 times and 50FS
films had 50 times the original amount of rGO/rGO-X used for making the membranes. Aside

from the difference in the amount of rGO/rGO-X used to make the films, the 32FS and 50 FS films
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were made with different vacuum pumps that applied different levels of vacuum. The 50FS films
were produced using a stronger vacuum level and assembled differently as a result. The 32FS films
were difficult to handle manually and could not be tested in tension. However, the 50FS films
could be handled manually with tweezers, were mounted on vinyl stickers, and tested under
tension. This section also shows the results from the nanoindentation testing of the 32FS and the
50 FS films, along with the tensile testing results of the 50FS films. The further analysis was done
with a subset of intercalants which were TZ-1, TM-1, AZ-3 and AZ-1. Figure 5.6 shows
schematically the FS film and the two types of FS films which were made with 32 times and 50

times the rGO which was used to make the membranes.

Free-standing (FS) rGO/rGO-X film
(T S ) (o)

Polyethersulfone (PES) or polyvinylidene fluoride (PVDF)
support

Two thicker FS films :

* 32FS —-32times
the amount of
rGO/rGO-X
140-180 um * 50FS —50 times
the amount of
rGO/rGO-X

Figure 5.6: Schematic showing the FS rGO/rGO-X film
5.3.1. Scanning electron micrographs of the FS films
First, to understand the stacking behavior of rGO, SEM images of the FS films were taken as per
the description provided in the Methods chapter. The stacking behavior of the rGO layers changed

as the vacuum filtration process progressed (Figure 5.6). This stacking nature of rGO could be
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seen in the cross-sectional SEM images of the 32FS rGO film. Initially, the layers of rGO were
stacked closely together, and as the vacuum filtration progressed, the layers were more loosely
packed. The stacking behavior of the 32FS film would be expected to influence the transverse

mechanical properties of the 32FS films.

(b)

3um

Figure 5.7: The cross-sectional SEM images (a) and (b) of the 32FS rGO film.

The rGO layers are closely packed together initially, and as the vacuum filtration process
progresses, the spacing between the rGO layers increases. Figure 5.8 shows the scanning electron
micrographs of the 50FS films. The FS films, being brittle in nature, were easily prepared for SEM

imaging.
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Figure 5.8: The cross-sectional SEM images of the 50FS rGO (a), rGO-Z-1 (b), rGO-TM-1 (c),

rGO-AZ-3 (d), and rGO-AZ-1 (e) films.

Table 5.2 shows the thickness values of the 50FS films, calculated as an average of at least 10
different thickness values obtained by cross-sectional SEM. Considering these thickness values,
the rGO film had a thickness value similar to the film containing the TM-1 intercalant. The other
films, containing TZ-1, AZ-1 and AZ-3 intercalants, were thicker in comparison to the FS rGO
film. These changes in film thickness did not correspond to the expected thickness dimensions of
the intercalants (Table 5.2), suggesting these changes were related to different levels of interactions
between rGO and the intercalants or different types of stacking of the intercalants. Per chemical
models, the thickness of the intercalants was related in the following order: AZ-1<TM-1=TZ-
1<AZ-3. The thickness values could imply that the films containing the TZ-1, AZ-3 and AZ-1

intercalants were not packing as tightly as the FS rGO or the FS rGO-TM-1 films.
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Table 5.2: Thickness values of the 50FS films obtained by cross-sectional SEM.

Sample Thickness (h) (um)
FS rGO 8.4 +0.7

FS rGO-TM-1 6.6 £0.7

FS rGO-TZ-1 11.0 £ 0.8

FS rGO-AZ-3 145 +0.8

FS rGO-AZ-1 15.1+0.5

5.3.2. Small-scale tensile testing of the FS films
The 50FS films, easy to handle manually with tweezers, were tested in tension using a small-scale
tensile testing load frame as described in the Methods chapter. This set-up used a 1N load cell and

the sample mounting is shown in Figure 5.9.

(b)

Figure 5.9: Experimental set-up to test FS films under tension before testing (a), and after
fracture (b). The clamps holding the film were specifically fabricated to be compatible with a 1N

load frame. The FS films were mounted using vinyl stickers (purple).
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The fracture stress values obtained from the tensile testing are given in Table 5.3. Comparing the
fracture stress of the intercalant containing films, as the thickness increased from TM-1 to AZ-1,
the fracture stress decreased, further implying that the films containing the TZ-1, AZ-3 and AZ-1
intercalants were not packing as tightly as the FS rGO or the FS rGO-TM-1 films. This fracture
stress value is used in the next part of this chapter to find the interfacial shear traction of the
rGO/rGO-X layer on the PES support. The 50FS rGO film showed the highest modulus value.
Among the 50FS films containing intercalants, the film with TZ-1 was the stiffest, followed by the
film containing TM-1. The AZ intercalants which behaved similarly having close modulus values.
The films containing the AZ intercalants were less stiff and could withstand a lower stress value

before fracture, as compared to the films containing TZ-1 and TM-1.

Table 5.3: The fracture stress and modulus values of the 50FS rGO/rGO-X films when tested in

tension. The fracture stress values are reported as an average of at least 2 values.

Sample Fracture stress (6...) (MPa) Modulus (MPa)

FS rGO 29 + 13 1500 + 707
FS rGO-TZ-1 52+ 19 1333 + 577
FS rGO-TM-1 97 + 33 1000 + 0
FS rGO-AZ-3 20+ 6 567 + 115
FS rGO-AZ-1 19+9 633 £+ 58

Figure 5.10 shows the representative stress-strain curves for the 50FS films tested in tension.
The shape of these curves is different as compared to those of the supported membranes. The

stress-strain curves show a steep rise as the FS film is stretched under tension, followed by a
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drop in stress at the end of elastic deformation. The film continued to undergo some amount of

stretching before it failed or broke completely in two parts.
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Figure 5.10: Representative stress-strain curves for the 50FS films tested in tension.

5.3.3. Nanoindentation of the FS films

Table 5.4 shows the reduced modulus (Er) values obtained via nanoindentation performed on the
two sides of the 32FS and 50FS films, wherein one side (the lower side) was in contact with the
MCE membrane filter during vacuum filtration. The value of Er represents the average value

obtained from 10 indents. Two locations on the films were examined on each side.

For the other intercalant containing 50FS films, the average Er values obtained from both locations
of nanoindentation were statistically similar as seen from the Er values reported here. However,

for the FS rGO and the FS rGO-TZ-1 films, the Er values obtained from both locations of
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nanoindentation were statistically different, suggesting greater spatial variability in properties of

these films.

Table 5.4: Er values obtained by nanoindentation of the upper and lower sides of the 50FS films

and the 32FS films.

Sample Lower side E; of | Lower side E;of | Upper side E; of | Upper side E; of
P 50FS films 32FS films 50FS films 32FS films

FS rGO (location 1) 1.4+0.1 1.3+0.1 1.7+0.2 05+0.1

location 2 1.2+0.1 1.34+0.2 1.6 £0.1 04+0.0

FS rGO-TZ-1 13+0.1 12402 2.040.1 1.7 40.1
(location 1)

location 2 1.5+0.1 1.3+£0.2 1.6 £0.1 1.4+0.1

FS rGO-TM-1 26402 1.5+0.1 25402 17402
(location 1)

location 2 2.6+0.1 1.3+0.1 24+0.2 1.0+£0.2

F51GO-AZ-3 27403 1.940.1 27403 22402
(location 1)

location 2 25+0.2 1.9+0.2 25+0.2 22+0.1

The Er values for both locations of nanoindentation of the 32FS films were not statistically similar
for all samples. Additionally, the Er values obtained from nanoindentation of the 32FS rGO film
were larger for the lower side of the film in comparison to the upper side. This difference in Er
values was likely related to the arrangement of the rGO flakes as they are deposited on the MCE

membrane filter. Initially as shown in Figure 5.5, the rGO was organized in a more compact
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fashion and formed stacked layers, but as the vacuum filtration progressed, the arrangement may
have been less ordered as the MCE filter was already covered by a continuous layer of rGO. This
difference in deposition would result in the lower side being stiffer than the upper side of FS rGO

film.

However, this demarcation in Er values between the upper and the lower sides of the FS rGO film
was reduced for the 50FS rGO film, with the Er values for the two sides being closer in value. As
stated previously, the vacuum pumps used to fabricate the 32FS films and the 50FS films were
different, with the pump used to make the 50FS films pulling a higher vacuum than the one used
to make the 32FS films. This difference in the vacuum being pulled would cause a difference in
the observed Er values. Another key takeaway from Table 5.4 was that the TM-1 and AZ-3
intercalant containing 50FS films, all had a higher Er value in comparison to that of the 50FS rGO
film. This result indicated that the intercalants, TM-1, and AZ-3 acted as pillars, reinforcing the
FS films in the transverse direction. Also, the 50FS films containing intercalants showed a greater
Er value than their corresponding 32FS films, which could be attributed to the difference in the
vacuum pump being used, with a stronger vacuum ensuring more packing and hence a greater
transverse stiffness for the 50FS films. The 50FS films were made using the same vacuum
conditions as the supported membranes and these films provide a reasonable estimation of the

microstructural effect of the intercalants on the mechanical properties of the membranes.

5.4 Modeling. In addition to experimental work, modeling approaches were pursued to understand
the component interactions and mechanical behavior better. We fitted the inverse rule of mixtures
to the nanoindentation data for the polyether sulfone (PES) supported samples. A modification of

the inverse rule of mixtures, called the Bull model, which took into consideration the indentation
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test parameters, was fitted to the data as well. The values obtained from modeling, and how these

compare to the experimental values, are shown in Figure 5.11.
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Figure 5.11: The experimental values of Ec and how these values compare to the Ec values

obtained by fitting the different models.

The Bull model predicted values close to the experimental values for all the intercalant-containing
samples, with the Bull model prediction being very close to the experimental value for the AZ-3
containing membrane. There are some discrepancies since the trends of the experimental data do
not match the trends predicted by the models. Analyzing the results in detail, the values obtained

via the inverse rule of mixtures depended heavily on the volume fractions of rGO/rGO-X and PES,
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with the rGO and the TZ-1 containing membranes having similar volume fractions of the
rGO/rGO-X layer. However, the volume fraction of the rGO-X layer increased significantly for
the TM-1 and the AZ-3 containing membranes, thereby predicting lower composite transverse
modulus values. The values predicted by the Bull model on the other hand, depend inversely on
the ‘tg” value, that is, the thickness of the rGO/rGO-X layer. The tq values are higher for the TM-
1 and the AZ-3 containing samples as compared to the rGO and the TZ-1 samples, thereby
predicting a lower transverse stiffness value for the former samples as compared to those of the
latter. The trend of values predicted by the two models are opposite, with the inverse model giving
a predicting values as : AZ-3>TM-1>TZ-1>rGO, and the Bull rule predicting values as:
rGO>TZ>1>TM-1>AZ-3. Since the predictions from these models were still higher than the
experimentally measured values, the modeling results suggested that the load transfer between the
rGO or rGO-X layer and the support as well as load transfer between rGO flakes may not be
optimum. The discrepancy between the Bull model results and the experimental results decreased
for the intercalant containing membranes in comparison to the rGO membrane, which could

indicate better interfacial adhesion/interactions brough about by the intercalants.

While the models assumed a perfect interface between the rGO/rGO-X layer and the polymer
support, the two models did not predict similar values for the intercalant containing membranes.
The models do not elucidate the contribution of the polymer support. The Eq and the Ep values
were found experimentally by performing nanoindentation on the FS film and the polymer support
respectively. The inverse rule of mixtures calculated the volume fractions of the rGO layer and the
support from the thickness measurements of the two components. The Bull model used the
nanoindentation geometry parameters to predict the composite transverse modulus. However, only

the indented volume was considered and not the entire membrane volume. One possible way to
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optimize these model predictions would be to find an accurate way to calculate the volume

fractions of the rGO layer and the polymer support.

5.5 Interfacial shear traction of the rGO/rGO-X layer on PES support. The fragmentation test

was used to quantify the shear traction between the rGO/rGO-X layer and the polymer (PES)

support, wherein a higher value of the shear traction translates into greater interfacial adhesion
between the rGO/rGO-X layer and the polymer support, as per equation 7 (Tpax = %n;oﬁac).

The value of the thickness of the rGO/rGO-X layer (h) was found by measuring the thickness of
the 50FS films and the fracture stress value (c...) was found by fracturing the 50FS films under
tension. To obtain the mean spacing between cracks, A, a line was drawn on the images
perpendicular to the fragmentation cracks, and the number of cracks that crossed this line were
counted. This value was used to calculate A. This procedure of calculating the shear traction has
been described in the Methods chapter. Figure 5.12 schematically elucidates the interface between

the rGO/rGO-X layer and the PES support.

PP : 130 nm
What happens at the 3 1

interface?
Polyethersulfone (PES)

140-180 um
Figure 5.12: Schematic to show the interface between the rGO/rGO-X layer and the PES support.

Using the data shown in Table 5.3, the fragmentation testing dataset was completed for the edge
location of the fragmented samples. The results of the interfacial shear traction for the samples are

shown in Figure 5.13. The values of the interfacial shear traction, which are indicative of the

73



adhesive strength of the rGO/rGO-X layer on the polymer support, are reported in kPa. Figure 5.10
shows the values of the interfacial shear traction for the non-compacted samples since the FS films

were tested in the non-compacted state.
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Figure 5.13: The interfacial shear traction versus the non-compacted fragmented sample.

Observing Figure 5.11, the rGO, rGO-TM-1, and rGO-TZ-1 membranes had similar values of
interfacial shear traction, with the TZ-1 containing membrane showing a slightly greater adhesion
value than the other two membranes. The AZ intercalants behaved similarly to each other, with
AZ-1 and AZ-3 containing membranes having lower adhesion as compared to the other
membranes. The overall trends in interfacial shear traction for non-compacted membranes did not
correlate definitively with the compacted membrane performance trends. The behavior of the AZ
intercalants was similar for the fracture stress and the modulus values, and the same trend was

observed for the interfacial shear traction values as well. Extrapolating the trends in the shear
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traction values to the compacted membranes could suggest that the TZ-1 and TM-1 intercalants

are more robust in operation as compared to the AZ intercalants.

Key takeaways from this chapter:

The PVDF support used in this work had a fibrous microstructure, rendering the PVDF
supported membranes stiffer than the PES supported membranes.

The rGO/rGO-TBO layer adhered more strongly to the PVDF support than the PES
support. This means that the load transfer between the rGO/rGO-TBO layer and PES was
decreased, leading to no meaningful changes in the axial mechanical properties of the PES-
supported membranes.

The difference in the mechanical behavior of the different intercalants was not clear from
the tensile tests or from the HSN measurements. To understand the behavior of some of
the intercalants of particular interest, the free-standing (FS) films of these intercalants were
fabricated and tested.

Measuring the thickness of the 50FS films helped to bring out the difference in the stacking
behavior of the different intercalants. The 50FS film containing TM-1 was the thinnest and
was thinner than rGO. The 50FS films containing the TZ-1, AZ-3 and AZ-1 were thicker,
implying that these films were not as tightly packed as the rGO and the rGO-TM-1 films.
This difference in thickness did not correlate with the thickness of the intercalants obtained
by chemical modeling, indicating that the intercalants could be arranged differently in the
rGO galleries.

The results of nanoindentation of supported membranes showed that the intercalant

containing films had a higher transverse stiffness (Er value) as compared to the rGO
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membrane. The nanoindentation test results of the 50FS films aligned with this
observation, wherein the TM-1 and AZ-3 intercalant containing films had higher Er values
than the rGO film. This behavior indicated that the intercalants acted as pillars, reinforcing
the supported membranes and the FS films, and the differences in stacking or the
interactions with rGO were discernable for this measurement.

The results of tensile tests of supported membranes did not show substantial differences in
the axial mechanical properties. However, 50FS films did show differences in fracture
stress. The tensile tests of the supported membranes gave mechanical property values that
were influenced by the PES support, whereas the 50FS films provided different information
regarding the rGO/rGO-X layer independent of the support. Among the intercalants
explored in the FS films, TM-1 had the highest fracture stress followed by TZ-1, AZ-3 and
AZ-1, with the AZ intercalants behaving similarly. Since the fracture stress would be
related to interactions between the intercalants and the rGO, this trend showed that the
different classes of intercalants interacted with rGO differently. Following this logic, the
TM-1 intercalant showed the strongest interaction with rGO.

The TZ-1 containing membrane showed the highest adhesion strength, with the TM-1 and
the rGO membranes close in value. The AZ intercalants behaved similar to each other,
showing substantially lower adhesion strength as compared to TZ-1 and TM-1.

The chemical structure or the level of interaction of the intercalant with rGO could have
played a role in determining the adhesion strength for these non-compacted membranes.
Extrapolating to the compacted membranes, these results could suggest that the TZ-1 and

the TM-1 membranes are more robust in operation.
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CHAPTER 6. CONCLUSION AND FUTURE WORK

6.1. Conclusion

This project set out to understand the mechanical properties of PVDF and PES supported rGO
membranes and was successful in quantifying the key mechanical properties — modulus, tensile
strength, toughness, transverse modulus and the interfacial adhesion. Compacted PVDF supported
membranes were stiffer as compared to their non-compacted counterparts due to a reduction in the
cross-sectional area, and this effect of compaction was negated by the introduction of water in the
membrane structure. TBO, arranged in different stacked forms, primarily monomers and dimers,
had an influence on the membrane mechanics. Nevertheless, the TBO molecules acted as pillars,
reinforcing the membrane in the transverse direction, as observed from the nanoindentation

experiments.

While the mechanical properties of the PVDF supported membranes were understood extensively,
another focus of this research was exploring the component effect. The polymer support was
changed from PVDF to PES, and a new set of intercalants were used along with TBO. PES
supported membranes were less stiff than their PVDF counterparts, due to the difference in the
microstructures of the two polymers. Moreover, the rGO/rGO-X layer did not adhere as strongly
to PES as it did to PVDF. This decrease in adhesion strength meant that no statistically significant
changes were observed in the mechanical properties of the dry PES membranes as the loading of

TBO was increased.
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The results of tensile tests of supported membranes did not show substantial differences in the
axial mechanical properties. However, 50FS films did show differences in fracture stress. The
tensile tests of the supported membranes gave mechanical property values that were influenced by
the PES support, whereas the 50FS films provided different information regarding the rGO/rGO-
X layer independent of the support. Among the intercalants explored in the FS films, TM-1 had
the highest fracture stress followed by TZ-1, AZ-3 and AZ-1, with the AZ intercalants behaving
similarly. Since the fracture stress would be related to interactions between the intercalants and the
rGO, this trend showed that the different classes of intercalants interacted with rGO differently.

Following this logic, the TM-1 intercalant showed the strongest interaction with rGO.

The rGO/rGO-X layer showed a stacked structure when viewed under SEM. The changes in this
stacked structure due to intercalants from the supported membranes were difficult to isolate.
However, measuring the thickness of the 50FS films helped to bring out the difference in stacking
with different intercalants. The 50FS film containing TM-1 was the thinnest and was thinner than
rGO. The 50FS films containing the TZ-1, AZ-3 and AZ-1 were thicker, implying that these films
were not as tightly packed as the rGO and the rGO-TM-1 films. This difference in thickness did
not correlate with the thickness of the intercalants obtained by chemical modeling, indicating that

the intercalants could be arranged differently in the rGO galleries.

While TBO (TZ-1) served as the baseline intercalant, the new intercalant chemistries and their
interactions with rGO governed the mechanical behavior of these FS films. The 50FS films
containing TM-1 and AZ-3 intercalants showed a higher transverse stiffness value as compared to
the TZ-1 containing FS film and the rGO film, since the TM-1 and the AZ-3 intercalants acted as

pillars, resisting the flexure of the rGO layers.
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Fragmentation test results shed light on the adhesion strength of the rGO/rGO-X layer on PES,
with TM-1 and TZ-1 intercalants displaying the highest adhesion strength, suggesting that these
could be more robust in operation. The AZ-1 and AZ-3 intercalants behaved similarly and showed
a significantly less adhesion strength value in comparison to the TM-1 and TZ-1 intercalants.
While the inverse rule of mixtures overpredicted the composite transverse modulus values, the
Bull model was successful in predicting values closer to the experimental values, especially for

the TM-1 and AZ-3 intercalant containing membranes.

6.2. Future Work

The next steps of this research project involve a deeper understanding of the rGO/rGO-X layer and
the polymer interface, for which some preliminary nanoscratch experiments were performed.
Nanoscratch technique was introduced in the year 1950 and since then it has transformed from a
qualitative test to a quantitative test to find the adhesive strength of coatings on substrates. In the
nanoscratch test, an indenter scratches the dry membranes at a fixed speed and with a critical load,
generating the value of the coefficient of friction. The equation shown below, known as the Laugier

formula, is used to calculate the adhesive strength of the coating/top layer on the substrate:

2P,
md?2

3
Adhesive Strength (0,) = [(4+ Us)% — (1 —-2vy)]
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where, o. is the adhesive strength, P. is the critical contact load, d. is the residual scratch width,
Vg IS Poisson’s ratio of the substrate, and W is coefficient of friction (obtained from the software
during testing).

After performing the scratch, the software provided multiple curves, out of which two were of
particular interest to us. The normal force versus time plot indicates the maximum load used to
perform the scratch. The normal displacement versus time plot indicates the maximum depth up
to which the indenter penetrates the sample while performing the scratch. The other parameters of
the Laugier expression include the Poisson’s ratio of the polymer substrate and the residual scratch
width. After finding the parameters of the Laugier formula, it can be applied to find the adhesive

strength between the rGO layer and the polymer support [110-116].

Another area of interest could be developing FS films of different thicknesses and with different
loadings of intercalants, to gain a deeper understanding of the FS mechanics. The 32FS and the
50FS films showed different mechanical performance, and fabricating films of different thickness
could help gain insight into how the loading of rGO/rGO-X can influence the mechanical
properties of these FS films. Finally, a better fitting inverse model, which can predict the values
closer to the experimental values for all the intercalant containing films, needs to be identified or
developed. Building such a model can help predict how including different intercalants could

affect the mechanical properties of the polymer supported rGO membranes.
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