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Graphene oxide (GO) is a two-dimensional material with a single layer carbon lattice,
which is decorated with oxygenated functional groups on the basal plane as well as on
the edges. Due to its unique properties, GO has attracted many applications including
electronics, energy, sensors, optics, etc. Recently, it has been demonstrated that the
graphene surface of GO presents long slip lengths of water, thus allowing for an
unimpeded water flow. It was anticipated that the ultrafast water transport would be
translated into membrane separations, in order to address one of the major challenges
for membrane technology—low performance. It was also expected that GO might
provide solutions to other obstacles facing membrane technology, such as membrane
fouling. These two overarching themes, the technical limitations for membrane
technology and the potential of GO to overcome those restrictions, inspired the

current study.



The main objective of this dissertation was to develop highly efficient
membranes for water purification based on GO. Also investigated were the transport
mechanisms for the designed GO membranes, the potential of GO to mitigate
membrane fouling, and the feasibility of GO membrane regeneration. Major
achievements of the study include: (1) the development of high performance GO
membranes for nanofiltration and forward osmosis by two facile and sustainable
methods, (2) the elucidation of transport mechanisms to guide better GO membrane
design, (3) the application of GO for fouling mitigation in pressure retarded osmosis
processes, and (4) the validation for regenerable GO membranes. Collectively, not
only do the findings provide the first experimental verification for the ultrafast water
transport in GO membranes, they also suggest that the GO membrane could be a
promising prototype of next generation membranes with high performance, low
fouling propensity, and full regenerability. The work has already begun to show its

profound impact in the membrane field, as seen in the publications it has prompted.
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Chapter 1: Introduction

1.1 Research Motivation
Membrane technology has been playing an increasingly important role in addressing the
global water crisis [1, 2]. Membrane processes, such as nanofiltration (NF), reverse
osmosis (RO), and forward osmosis (FO), have demonstrated their advantages in reliably
removing traditional and emerging water contaminants over conventional treatment
technologies [3-5]. Research and development in the past few decades have led to
continual membrane performance improvement and marked cost reduction [1, 2]. All the
advancements contribute to the wider adoption of membrane technology in water utilities.

At the center of the above-mentioned membrane processes is a semi-permeable
membrane that allows the passage of water yet rejects water pollutants. The market of
such semi-permeable membranes has been dominated by thin-film composite (TFC)
polyamide (PA) membranes due to their salient advantages such as good separation
capability and wide pH tolerance [1, 6, 7]. A TFC PA membrane generally consists of a
thin (approx. 100 nm) selective PA layer formed via interfacial polymerization, a highly
porous support for the PA layer, and finally a non-woven fabric to provide the
mechanical strength [1, 6, 7]. In comparison to its predecessor, the anisotropic cellulose
acetate membrane, the PA membrane exhibits much higher water permeability and wider
pH compatibility [6, 7].

Although originally developed for RO/NF applications, the PA membranes have
been successfully extended to the surging FO process [8]. Rather than working against
the natural osmotic difference, FO utilizes it to drive water from the feed to the draw,

which is then purified to obtain clean water. As FO eliminates the need of additional



hydraulic pressure as the driving force, it is considered a sustainable technology to
augment water sources [1].

Despite the advancement and advantages, the TFC membrane also faces critical
technical limitations regarding , for example, chlorine resistance [9, 10], fouling
resistance [11, 12], and energy efficiency [13, 14]. It is also a challenge to make TFC
membranes with thinner, more hydrophilic, and more porous support layers, which are
crucial for high-performance FO membranes [15]. Besides, tuning membrane
functionality during the synthesis of TFC membranes often becomes a formidable task.
This is because the interfacial polymerization procedure for making TFC membranes has
stringent requirements on the selection of chemicals, solvents, support layer, and reaction
conditions. Therefore, new membrane materials and synthesis methods are highly
desirable to significantly lessen the above problems while the water separation
performance of the new membrane is at least comparable to, if not better than, that of the
existing membranes.

The recently emerging graphene-based nanomaterials, graphene oxide (GO) in
particular, have exhibited many interesting properties, which may be exploited to
synthesize high performance membranes that avoid the aforementioned problems. As a
single layer carbon sheet bearing carboxyl, hydroxyl, and epoxide functional groups, GO
offers an extraordinary potential for making functional membrane materials with high
chemical stability, strong hydrophilicity, and excellent antifouling properties [16, 17].
Most importantly, molecular simulations have demonstrated ultra-high flux, orders of
magnitude higher than that of current TFC membranes, could be achieved through either

the nanopores on the GO sheet or the capillary channels between GO planar surfaces [18,



19]. However, great technical hurdles need to be overcome before realizing the intriguing
potential of GO in making next generation membranes. For instance, it is still impractical
and extremely challenging to prepare a large area of monolayer graphene and generate
high-density nanopores with controllable, relatively uniform sizes [17, 20]. Membranes
prepared via GO solution filtration are not directly suitable for water purification, since

stacked GO nanosheets disperse in water due to their strong hydrophilicity [17].

1.2 Research Objectives

The proposed research attempts to realize the potential of GO as a highly effective

membrane material. This is achieved by systematically characterizing GO nanosheets,

identifying membrane synthesis method, assessing GO membrane properties, and

applying GO membranes for fouling control. It is anticipated that not only will the

employment of GO bring advanced membrane performance, but also lead to a green

membrane synthesis method. Specific research objectives are

e To systematically understand the properties of GO and construct high performance
GO membranes

e To understand transport mechanisms for the GO membrane

e To unveil fouling mechanisms of the GO membrane

e To assess the regenerability of the GO membrane

1.3 Dissertation Organization
This Ph.D. dissertation comprises eight chapters including this introduction. The

following briefly summarizes the remaining seven chapters.



Chapter 2: A literature review is performed on the challenges facing membrane
technology in terms of membrane materials and synthesis method, and on graphene
oxide (GO) and particularly its potential as a new membrane material.

Chapter 3: This chapter introduces a method of synthesizing GO membranes for NF
via chemical cross-linking. By employing a cross-linker, GO nanosheets were
covalently bonded to form a selective layer. The GO membranes showed promising
performance and properties in comparison to commercial NF membranes.

Chapter 4: FO membranes were developed by taking advantage of the charge
property of GO. GO were sequentially deposited onto a substrate along with a
cationic polyelectrolyte, poly(allylamine hydrochloride) (PAH), via electrostatic
interactions. The layer-by-layer method provides a simple alternative to synthesizing
high performance FO membranes.

Chapter 5: Basic transport mechanisms are elucidated for the GO membranes.
Chapter 6: This chapter investigates fouling mechanisms of GO membranes in FO
and pressure retarded osmosis (PRO) modes. Compared to conventional FO
membranes made via interfacial polymerization, the GO membranes showed
significantly lower fouling propensity in PRO mode owing to the additional GO
layers adjacent to the membrane support. The GO membranes also exhibited higher
flux recovery upon cross-flow rinsing.

Chapter 7: Regeneration of GO membranes was studied by investigating how to
effectively remove the GO layers and to re-construct the GO layers onsite

Chapter 8: This chapter summarizes major findings from the present research

endeavor, and identifies future research topics.



Chapter 2: Literature Review

2.1 Challenges for Membrane Technology

Nanofiltration (NF), reverse osmosis (RO), and the recently resurgent forward osmosis
(FO) membrane processes are among the most effective strategies to achieve high
removal of both traditional and emerging contaminants from water [3-5]. All these
processes require the use of semipermeable membranes, the market of which has been
dominated for decades by thin-film composite (TFC) polyamide membranes due to their
salient advantages such as good separation capability and wide pH tolerance. Despite
decades of research and development, TFC membranes still face important technical
limitations [2]. First and foremost is the issue of energy efficiency for the TFC
membranes in membrane processes. Numerous cost analyses on membrane operations
point out that considerable amount of energy is used for hydraulic pressure to maintain
designed water flux and overcome concentration polarization [13, 14, 21, 22]. Thus
development of highly permeable membranes has been proposed to reduce energy
consumption [23-25]. Although the performance of TFC membranes have been
improving steadily evidenced by the power consumption reduction over the past few
decades, significant enhancement is necessary before reaching the theoretical minimum
energy requirement for membrane separations [1]. Membrane fouling is another
challenge that can impact membrane permeability negatively and thus decrease process
efficiency [26-29]. It may even lead to premature replacements of membrane modules
[30, 31], which adds to the overall operational cost. One intrinsic defect of the TFC
membranes is the susceptibility of the polyamide network to chlorine degradation [10,

32], which is usually applied to control biofouling. Active chlorine species attack the



polyamide layer by N-chlorination of the amide N-H bond and subsequent ring-
chlorination, which eventually damages the integrity of the selective layer and results in
the failure of the TFC membrane [32-35].

In light of the above discussion, it is imperative to develop highly permeable
membranes that present strong fouling and chlorine resistance. Towards this goal, this
dissertation turns to graphene oxide, a novel two-dimensional material that may enable

high performance next generation membranes for water purification.

2.2 Graphene Oxide

Although existed for a century and a half, graphene oxide (GO) has only started to amass
enormous attention since the discovery of graphene [36, 37]. As a derivative of graphene,
GO contains a range of oxygenated functional groups decorated at the peripheral and
either side of the carbon lattice. Because of its ability to be mass produced via chemical
oxidation followed by mechanical exfoliation, GO is frequently considered a precursor to
graphene and other graphene-based materials, such as reduced GO [38]. Yet GO is also
endowed with many exciting properties that may see potential applications in electronics
[39], energy [40], sensors [41], optics [42], environmental remediation [43], separations
[44, 45], etc.. This section reviews the properties and application of GO pertaining to its
potential in developing high-performance next-generation membranes.

2.2.1 Synthesis

The general procedures of GO synthesis include oxidation of graphite flakes and
mechanical exfoliation of the resulted graphitic oxide. The first preparation of GO

dispersion dated back to 1860 when Brodie oxidized graphite in the presence of



potassium chlorate (KCl1O;) and fuming nitric acid (HNO3) [37]. The method was later
modified by Staudenmaier [46], as KCIO; was added in multiple aliquots in a single
reaction batch. In 1958, Hummers and Offeman [47] introduced another oxidation
approach based on a mixture of concentrated sulfuric acid (H2SO4) and potassium
permanganate (KMnQ,). These three routes provide the basis for the synthesis of GO,
although other methods with variations/modifications have been reported [48-50]. It
should be noted that GO prepared with different methods may have varying properties
[17]. Nevertheless, mass producible GO from cheap graphite flakes may have the
potential to be a cost-effective membrane material.
2.2.2 Properties
As briefly mentioned above, GO exhibits many exciting properties for various
applications. Of particular interest, for the sake of this dissertation, are those that are
highly desirable to make high performance membranes for water purification.
Structural properties. While the exact chemical composition of GO is under
debate, it is agreed upon that GO is a single-atom-thick sp* hybridized carbon lattice with
oxygenated functional groups at the edges and on the basal planes. The early
understanding of GO structure derived from experimental attempts using various
techniques including nuclear magnetic resonance (NMR), chemical reactivity analysis,
infrared spectroscopy (IR), Raman spectroscopy, thermogravimetric analysis (TGA), x-
ray photoelectron spectroscopy (XPS), etc. A number of theoretical models have been
proposed to better understand the macro-/microscopic structure of GO. These models
have been thoroughly reviewed in Dreyer et al. [17]. Briefly, early models generally

consisted of regular lattices with discrete repeating units and functional groups. For



example, the Hofmann model composed of graphite basal planes and epoxide groups,
giving a stoichiometric ratio of C:O 2:1 [51]. Later efforts adopted a nonstoichiometric
model due to the amorphous nature of GO. Most notably, the Lerf and Klinowski model
delineates two regions on GO, one aromatic region with unoxidized benzene rings and
the other with aliphatic six-membered rings, based on their NMR results [52]. Although
these early studies outlined the basic GO structural information, detailed structure at
atomic scale remained largely unknown. Such knowledge was only possible recently with
the aid of aberration-correction high-resolution transmission electron microscopy (TEM).
Boasting a resolution down to 1-A, TEM is able to resolve every carbon atom in the field
of view and provides a closer look at the atomic structure of GO. Using this tool, a
refined picture is available for GO structure—GO sheets largely maintain the highly
crystalline carbon lattice (graphite region) as in graphene [53, 54]; occasional defect
areas or holes (normally under 5 nm?) appear which are dominated by clustered five- and
seven-membered rings [53, 55, 56]; oxidized regions form a continuous network of
predominant epoxide and hydroxyl groups on the basal planes [56, 57]; carbonyl and
carboxyl groups, despite their low density, are likely to appear along the edges of defects
and GO sheets [56, 57].

These fascinating structural properties shed light on the potential of GO for
developing efficient membranes. As in carbon nanotubes (CNTs), the graphitic regions of
GO function as frictionless flow paths for water, leading to orders of magnitude of water
flow enhancement due to incredibly long slip lengths [44, 58-60]. The slip length
improvement is attributed to the formation of ordered hydrogen bonding in the nano-

confined flow regime (i.e., between GO sheets) and weak interactions between



hydrophilic water and hydrophobic graphitic areas. The promising feature alone inspired
many endeavors (including this dissertation) to pursue high flux membranes for water
separations [45, 61]. Moreover, the functional groups of GO offer the capability of facile
membrane synthesis and fine-tuning of membrane properties such as hydrophilicity,
charge, functionality, etc.

Mechanical properties. Excellent mechanical strength is also necessary for
prolonged membrane operation [62, 63]. Monolayer graphene may be the strongest
material ever tested with the Young’s modulus of 1.0 TPa and the fracture strength of 130
GPa, as Lee et al. found from their nanoindentation experiments using atomic force
microscopy (AFM) with a diamond-coated tip [64]. Using similar tools, Gomez-Navarro
et al. reported a Young’s modulus of 0.25 TPa for a chemically reduced free-standing GO
monolayer, which was also flexible within its elastic regime [65]. The difference in
Young’s modulus was contributed to the structural defects after oxidation, as evidenced
in molecular simulations by Paci et al. [66]. The study also pointed out that the fracture
strength of GO (63 GPa) was also lower than that of graphene at 116 GPa due to the
oxidation of graphene [66]. The Young’s modulus of a monolayer GO was also lower
than that of pristine graphene, which was reported to be 0.21 GPa, due to the same reason
[67]. Physically stacked GO films had Young’s moduli an order of magnitude lower than
that of a single (and double) layer GO [16, 65], because of competing bending and shear
forces. Note that the fracture strength of the polyamide thin film (~200 nm), typical
selective layer for RO, NF, and FO membranes, was estimated to be ~40 MPa [62, 63].
The extremely high fracture strength of GO suggests that GO membranes can be

mechanically robust. Theoretical evidence has recently show that porous graphene



membranes can withstand pressures exceeding 57 MPa, roughly ten times that of typical
pressures for seawater RO [68].

Antimicrobial properties. The antimicrobial properties of graphene-based
materials are credited to their sharp aspect ratios, oxidative stress, charge transfer, and
extraction of lipids from cell membranes [69-71]. Using transmission electron
microscopy (TEM) studies, Hu et al. observed that GO nanosheets could be internalized
and cause mild concentration-dependent cytotoxicity, and that the cellular structure of E.
coli was largely compromised when in contact with GO [69]. This loss of cell integrity
was postulated to be the result of either physical destruction or oxidation stress as found
for carbon nanotubes (CNT) [69, 72]. By examining the efflux of cytoplasmic materials
from the bacteria to the solution, Akhavan and Ghaderi confirmed that direct contact
between bacteria and sharp edges of GO induced damage to the cell and the outflow of
cytoplasmic materials [70]. It was further verified by the drastically higher RNA release
from S. aureus (Gram-positive, no outer membrane) than that from E. coli (Gram-
negative, with outer membrane) [70]. Interestingly, reduced GO displayed higher
cytotoxicity due to partial elimination of surface charges and functional groups that in
turn enabled enhanced charge transfer [69, 70]. Liu et al. compared antibacterial activity
among graphite, graphite oxide, GO, and reduced GO, and proved the existence of
oxidative stress, which was reactive oxygen species (ROS) independent as indicated by
the oxidation of in vitro glutathione by GO and other graphene-based materials [71].
Based on the findings, they proceeded to propose a three-step antimicrobial mechanism

similar to that for CNTs: initial deposition of bacteria on graphene-based materials, high
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aspect ratio induced membrane stress, and the ROS-independent oxidation of cellular
components [71, 73].

The direct proof for membrane stress exerted by GO came from molecular
simulations performed by Tu et al., in which cell membrane damage was found to
commence with dispersion interactions between GO sheets and lipid bilayers, followed
by GO trapping/cutting into lipid membranes and concluded with vigorous extraction of
phospholipid molecules from both inner and outer cell membranes onto GO sheets due to
strong van der Waals and hydrophobic interactions [74]. These mechanisms explain the
TEM observations from the authors and previous reports [70, 74].

Another computational-imaging study detailed the GO internalization to be initiated by
membrane piercing by GO sheet asperities [75]. Recently, a force spectroscopy study
suggests that the physical interactions between GO and E. coli are predominantly
repulsive, highlighting the relative importance of other non-contact mechanisms such as
membrane stress [76]. While far more work needs to be done both experimentally and
theoretically to fully elucidate the antimicrobial mechanisms, it cannot be denied that the
promising property is appealing to control biofouling of membranes, as will be discussed
later.

2.2.3 Theoretical Investigation on Graphene Oxide Membranes

The concept of graphene-based water separation membranes was first examined by
molecular simulations and other theoretical tools [77-80]. Generally, graphene sheets are
impermeable [81], and thus pores ranging from sub-nanometer to nanometer size were
designed on the graphene sheets, and passivated with functionalities. Molecular transport

was then simulated through such nanoporous graphene membranes. Results suggest that
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while pore size and chemical functionalization may determine the selectivity of the
porous graphene, ultrafast transport can be achieved which is orders of magnitude higher
than the conventional counterparts. Using first principles density functional theory
calculations, Jiang et al. demonstrated that at 2.5 A for the hydrogen passivated pore,
extremely high permeance and selectivity of H, were simultaneously attainable at levels
10° and 10* that of hydrogen separating silica membranes, respectively [77]. The
promising outcome was ascribed to both the ultimate thinness and favorable diffusion
barrier the graphene sheet presents [77]. Water transport was also modeled through the
imaginable pores [78, 82]. Suk and Aluru compared the water flux through pores in
graphene ranging from 0.75 to 2.75 nm to that through carbon nanotubes (CNTs) of
similar tube diameters, and found lower flux at smaller sizes due to the frequent breaking
of hydrogen bonding in water and defect-like water dipole orientation in the single-file
flow regime, but higher flux at larger sizes as graphene pores showed decreased energy
barrier at the entrance for the more bulk-like flow [78]. Suk and Aluru extended their
simulation efforts to understand water transport mechanisms in the nanopores, which
reveal that as the pore diameter increases, water viscosity and slip length for water
confined in the pore decrease, and the water transport mechanisms switch from collective
diffusion (i.e., diffusion by a chemical potential gradient) to frictional flow [82]. Other
simulation investigations echoed similar conclusions [83]. These promising results
regarding ultrafast water permeation inspired further simulation studies on the ion
separation performance of the nanoporous graphene membranes.

Selective ion passage through graphene pores was first demonstrated by Sint et al.

[79, 80, 84]. In their report, pores with a diameter of ~5 A were passivated with either
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hydrogen (positively charged) or fluorine—nitrogen (negatively charged), which block the
passage of their co-ions (cations for H passivation and anions for F-N passivation,
respectively). Both types of pores also show preferential rejection against certain solvated
ions, e.g., no passage of fluoride ions through H-terminated pores [84]. Later Grossman’s
group explored the potential of nanopores for desalination specifically [79, 80]. In their
first attempt, desalination was simulated through pores passivated with hydrogen atoms
and hydroxyl groups with areal size from 1.5 to 62 A* [79]. It was found that while
rejection of NaCl understandably depends on the pore diameter, chemical functional
groups may also play a role. The existence of hydroxyl groups leads to a two-time water
flux increase due to their hydrophilicity, but it may also contribute to lower rejections due
to their replacement of water molecules in ion hydration shells, which lowers the energy
barrier for ion passage. Another interesting finding is that salt rejection decreases with
elevated pressure for a given pore size, the opposite trend observed in conventional
reverse osmosis (RO) processes. This is because the large effective volume of ions in
solution respond more sensitively to the pressure increase than do water molecules. The
study concludes with their optimal performance of up to two orders of magnitude higher
water flux yet at similar or better rejection of NaCl, in comparison to that of currently
available RO membranes [79]. Konatham et al. considered pores with size from 7.5 to
14.5 A on graphene for desalination [85]. Similar steric effect on salt rejection was
reported, where pores at 7.5 A diameter show efficient ion exclusion but at 10.5 A and
14.5 A do not exert any resistance against ion transport. After functionalizing the pores
with chemical groups (-OH, -COOH, and —NH>), higher energy barrier against co-ions

after their ionization occurred due to the steric effect and electrostatic repulsion. Yet
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screening effects significantly lower the energy barriers for the ion transport at the pore
entrance, and cause reduced ion rejection at higher concentrations.

Simulations of anomalous transport through stacked graphene/GO sheets also
reveal some very interesting, albeit mixed, findings [44, 86]: (1) the hexagonal graphene
lattice serves as an initial pattern for water molecules to form ordered and hexagonally
symmetrical mono-, bi-, and tri-layered ice structures between graphene/GO sheets; (2)
for ice mono- (interlayer spacing of about 6 A) and tri-layers (interlayer spacing of about
11.38—11.46 A), it is energetically favorable for water molecules to move along the
carbon lattice than penetrate through hydrophilic pores newly created, explaining the
impenetrable characteristic for graphene layers; (3) for ice bi-layers (interlayer spacing of
8.43-8.59 A), however, hydrophilic functional groups (e.g., -OH) on the pores or the
edges of the carbon sheets decrease the interlayer interactions between ice and interrupt
the ice bilayer structure that allow water molecules to traverse to the neighboring void to
form new ice bi-layers, which highlight the reason for the passage of water in GO films;
and (4) a capillary-like pressure, in the scale of 1000 bars, enables low friction flow of
monolayer water in the capillaries formed by the unoxidized regions in GO sheets.

2.2.4 Experimental Achievements on Graphene Oxide Membranes

Experimental explorations have begun recently to realize the immense potential in GO
membranes. One type of such membranes involve creating pores on graphene/GO basal
planes as in the simulation studies [20, 87-91]. For this very purpose, various techniques
have been used including ultraviolet-induced oxidative etching [20], transmission
electron microscope (TEM) cutting [87], chemical vapor deposition (CVD) with intrinsic

defects [88, 89], focused ion beam (FIB) [90], oxygen plasma etching [91], etc. Although
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these “tiny” nanoporous membranes, with the largest reported to be 25 mm” by CVD in
[89], have been experimentally used for water/gas separation, protein translocation, and
other applications [20, 87-91], large-scale employment of these porous membranes is
technically restricted due to the limitations of the pore forming processes [45, 79].
Another type of GO membranes are obtained in the form of stacked GO sheets by
simply filtering or spray-/spin-coating GO suspensions. As a proof of concept study for
water separation membranes, Nair et al. demonstrated that micrometer thick GO
laminates allow unimpeded permeation of water yet block other liquids, vapors, and
gases, including helium [44]. As discussed above, their simulations attributed the
anomalous water transport to the capillaries formed between graphene sheets, which
provide a capillary-like pressure to maintain wetting on the external GO surface and low-
friction flow pathways for monolayer water. This evaporation-limiting transport excludes
the passage of other molecules due to reversible narrowing of the capillaries so that water
cannot fill in low humidity, and/or to the clogging in the functional groups/spacers region
by water molecules [44]. The high capillary-like pressure also act on ions that fit in the
formed nanocapillary, making GO films precise molecular sieves with a sharp diameter
cutoff at 9 A [92]. For solutes of hydrated radii greater than 4.5 A, no permeation occur
through the GO laminates, yet smaller species, disregarding the charge, travel through the
film at a similar rate that is three orders of magnitude higher than diffusion. Han et al.
later conducted more detailed experiments to showcase the potential of the stacked
graphene sheets for nanofiltration (NF) [93]. They used reduced GO to make the ultrathin
laminates (22—53 nm thick, controlled by GO loading) via filtration, and found the flux to

double that of GO films made in the same manner due to the disappearance of the

15



functional groups. Pure water flux reached ~22 Lm™h™'bar™, and such high flux cannot be
explained by parallel plate Hagen—Poiseuille equation. Rather, it could be well explained
by the slip flow theory that suggests enhanced water flux with water flow velocity on the
graphene surface. Although moderate rejections (20-60%) were achieved against ion
salts, the reduced GO membranes showed near complete retention (> 99%) of organic
dyes in dead end filtration mode due to both size exclusion and Donnan exclusion.

In order to precisely tune the interlayer spacing between layered graphene sheets,
a number of approaches have been reported to cater to different applications of stacked
GO films. Notably, these are physical or chemical intercalation and corrugation
modulation by hydrothermal treatment. As an alternative tool to atomic force microscopy
(AFM), Qiu et al. proposed water flux and rejection measurement as an indirect indicator
to the degree of the graphene sheet corrugation after hydrothermal treatment of the GO
films [94]. As the treatment temperature increased from 90 °C to 150 °C, water flux and
pore size (by size exclusion experiments) increased monotonically, implying greater
degree of corrugation to the sheets. Another method involves the expansion of the GO
layers by inserting chemicals, creating chemical bonds, and performing volume-
expansion reactions in the interlayers. For example, the interlayer distance was modified
by stuffing alkylamines with different molecular weights [95] , copper hydroxide
nanostrands [96], and multi-walled CNTs [97], and by selectively crosslinking GO with
diboronic acid [98]. Because of the relatively small amplitude (~50 nm) and the
likelihood of residues, a modified intercalating method was developed based on the
temperature-dependent decomposition reaction of ammonium nitrate [99]. The

decomposition of 1 mol of ammonium nitrate yields 1 mol of ammonia gas and nitric
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acid at 140 °C, 3 mol of gases (N,O and H,0) at 200 °C, and 3.5 mol of gases (N, Oy,
and H,O) at 400 °C, respectively. Due to the mass/volume of the gases produced, the
interlayer spacing can be tuned in the range of 123%-20000% for different separation
applications. Although research on the physically stacked GO membranes yielded
promising results in lab-scale dead-end filtration, these laminates are unlikely to find
practical applications for water purification due to the hydrophilicity of GO and/or the
shear stress induced by cross-flow conditions [45].

Thus the literature has seen a third category of GO membranes, which were
designed with chemically bonded GO sheets as the selective layer. As the very first
attempt (Chapter 3 in this dissertation) to achieve the potential of GO in making high
performance membranes for water purification, our group innovatively exploited the
functionality of oxygenated groups in GO and chemically cross-linked the GO sheets in a
layer-by-layer fashion on a polysulfone support for a highly efficient NF membrane [45].
The cross-linker, 1,3,5-benzenetricarbonyl trichloride (TMC), not only inter-connected
GO nanosheets with the necessary stability to overcome their inherent dispensability in
water environment, but also separate the GO sheets to provide nanochannels for ultrafast
water flow. The cross-linking also fine-tuned the charge and functionality of the GO
membrane. Although the GO membrane in the present development stage had a relatively
low rejection (6—46%) of monovalent and divalent salts, it exhibited a moderate rejection
(46—-66%) of Methylene blue and a high rejection (93-95%) of Rhodamine-WT. The
rejection performance of the GO membrane was mainly determined by the spacing
(estimated to be 1 nm) between GO layers and the charges on GO nanosheets. At similar

rejection levels, the GO membrane exhibited a 4-10 fold flux (80 and 276 LMH/MPa)
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over that of most commercial NF membranes. Our group later proposed an aqueous
solution based synthesis method for a new forward osmosis (FO) membrane (Chapter 4
in this dissertation), benefiting from the charge properties of GO [61]. Water permeability
of the GO membrane was found to be about one order of magnitude higher than that of a
commercial FO membrane. The GO membrane also presented impeded transport towards
neutral solutes due to the swelling-prone nature of electrostatically formed GO layers.
These early investigations have sparked great efforts in developing stable GO membranes
[100, 101] and membrane modification with GO [102-105], in order to realize the
potential of GO in the membrane field. For example, diamine monomers were applied to
cross-link filtered GO nanosheets, producing composite membranes with decreased
interlayer distance and excellent pervaporation performance [100]. GO was assembled
onto poly(ethylene imine) (PEI) treated hollow fiber membranes via electrostatic
interactions, and the resulted membranes showed higher flux and mechanical strength and
shortened the overall synthesis duration [101].

Lastly, GO has also been used to modify membrane properties for enhanced
performance. A simple method is to blend GO sheets in the membrane matrix, making
the so-called composite membranes. For instance, GO was incorporated into polysulfone
membranes for improved hydrophilicity and salt rejection [102], and for fouling control
[103]. Alternatively, one can graft GO onto membrane surface to better capitalize on the
favorable properties of GO. Choi et al. sequentially assembled pristine GO (negatively
charged) and aminated-GO (positively charged) onto polyamide (PA) RO membranes to
protect the PA layer from chlorine attach [104]. Due to the unique water flow on

graphene surface, the addition of GO did not impose extra resistance towards water
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transport. Instead, the GO coating increased membrane hydrophilicity, lowered protein
fouling propensity due to reduced surface roughness, and retarded chlorine diffusion and
thus shielded the vulnerable PA from chlorine-induced degradation. Using 1-ethyl-3-[3-
(dimethylamino)propyl]carbodiimide (EDC) and N-hydroxysuccinimide (NHS)
chemistry, Perreault et al. coupled GO onto PA surface for enhanced biofouling
resistance, and found that 1 h direct contact with the modified PA membrane led to ~65%
E Coli inactivation whereas the control PA membrane had no such effect [105]. Their
electron micrographs show that the exceptional anti-microbial property was mainly
ascribed to physical cell damage induced by GO, and did not arrive at the expense of
sacrificing membrane transport properties [105]. Mixture of GO and 1,3-Phenylene
diamine (MPD) for interfacial polymerization also resulted in NF membranes with GO in
the PA network [106, 107]. Again the PA membrane with GO showed higher
permeability and better fouling performance due to the unique properties of GO. Similar
studies have been reported by many others [108, 109], signifying the marked

improvement brought by just GO modification.

23 Layer-by-Layer Assembly

Layer-by-layer (LbL) assembly is a relatively new and facile method of modifying
surface properties and/or surface coating [110]. From the very perspective of creating
thin separation coatings, the method has been used to develop membranes for
pervaporation [111-113], nanofiltration (NF) [114-118], RO [114, 119], and lately FO
[115, 120-122]. It consists of iterative soaking of a substrate (of any shape or surface

morphology) in a polycation solution and a polyanion solution. Each iteration adds a
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layer of the polycation/polyanion on the surface due to one or more of the following
mechanisms: electrostatic interactions, hydrophobic interactions, hydrogen-bonding,
dispersion forces, etc. [123]. Compared to the popular method of interfacial
polymerization for RO membrane synthesis, the LbL assembly is more cost effective and
environmentally friendly as all fabrication work can be completed in aqueous solutions. It
is thus argued that LbL assembly may be a viable green alternative to interfacial
polymerization for making high performance FO membranes [120, 122].

GO is typically negatively charged due to the ionization of carboxylic groups in
water [124, 125], therefore it can be potentially used as a polyanion in an LbL assembly
process. Indeed, GO thin films have been constructed electrostatically with cationic
polyelectrolytes, such as poly(diallyldimethylammonium chloride) (PDDAMAC) and
poly(allylamine hydrochloride) (PAH), as a precursor for conducting films [126, 127].
Using PDDAMAC as polycation, Kotov et al. built ultra-thin films comprising partially
exfoliated GO platelets (2-3 GO sheets) in each GO layer [126]. The thickness of each
layer was monitored to grow linearly, and was estimated to be 16 A for PDDAMAC layer
and 22 A for GO layer [126]. This finding led to the study of LbL assembly of single-
sheet GO films with PAH. Similarly, linearity was also observed for the thickness of
successive layers [127]. It was also found that the film thickness was dependent upon the
pH of the polyelectrolyte solutions, and thin films could be adsorbed on substrates

regardless of their roughness [127].

20



Chapter 3: Enabling Graphene Oxide Nanosheets as Water Separation

Membranes

3.1 Abstract

This chapter reports a novel procedure to synthesize a new type of water separation
membrane using graphene oxide (GO) nanosheets such that water can flow through the
nanochannels between GO layers while unwanted solutes are rejected by size exclusion
and charge effects. The GO membrane was made via layer-by-layer deposition of GO
nanosheets, which were cross-linked by 1,3,5-benzenetricarbonyl trichloride, on a
polysulfone support. The cross-links provided the stacked GO nanosheets with the
necessary stability to overcome their inherent dispensability in water environment and
also fine-tuned the charges, functionality, and spacing of the GO nanosheets. We then
tested the membranes synthesized with different numbers of GO layers to demonstrate
their interesting water separation performance. It was found that the GO membrane flux
ranged between 80 and 276 LMH/MPa, roughly 4-10 times higher than that of most
commercial nanofiltration membranes. Although the GO membrane in the present
development stage had a relatively low rejection (6-46%) of monovalent and divalent
ions, it exhibited a moderate rejection (46-66%) of Methylene blue and a high rejection
(93-95%) of Rhodamine-WT. The chapter is concluded by emphasizing that the facile
synthesis of a GO membrane exploiting the ideal properties of inexpensive GO materials
offers a myriad of opportunities to modify its physicochemical properties, potentially
making the GO membrane a next-generation, cost-effective, and sustainable alternative to
the long-existing thin-film composite polyamide membranes for water separation

applications.
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3.2 Introduction

Dwindling water resources and increasing water consumption have forced us to consider
new advanced water treatment technologies that can provide a safe water supply in a
more energy efficient, environmentally sustainable way [2, 128]. Nanofiltration (NF),
reverse osmosis (RO), and the recently resurgent forward osmosis (FO) membrane
processes are among the most effective strategies to achieve high removal of both
traditional and emerging contaminants from water [3-5]. All these processes require the
use of semipermeable membranes, the market of which has been dominated for decades
by thin-film composite (TFC) polyamide membranes due to their salient advantages such
as good separation capability and wide pH tolerance.

Despite their advantages, TFC membranes face important technical limitations
regarding, for example, chlorine resistance [10, 32], fouling resistance [12, 26, 28, 129],
and energy efficiency [13, 14]. It is also a challenge to make TFC membranes with
thinner, more hydrophilic, and more porous support layers, which are crucial for high-
performance FO membranes [15]. Besides, tuning membrane functionality during the
synthesis of TFC membranes often becomes a formidable task. This is because the
interfacial polymerization procedure for making TFC membranes has stringent
requirements on the selection of chemicals, solvents, support layer, and reaction
conditions. Therefore, new membrane materials and synthesis methods are highly
desirable to significantly lessen the above problems while the water separation
performance of the new membrane is at least comparable to, if not better than, that of the

existing membranes.
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The recently emerging graphene-based nanomaterials have exhibited many
interesting properties such as adsorption of metal and organic dyes, antimicrobial
capability, and photocatalytic degradation of organic molecules [71, 130-134]. In
particular, graphene oxide (GO) nanosheets — oxygenated graphene sheets bearing
carboxyl, hydroxyl, and epoxide functional groups — offer an extraordinary potential for
making functional nanocomposite materials with high chemical stability, strong
hydrophilicity, and excellent antifouling properties [16, 17, 135], all of which could be
promisingly exploited in water treatment processes. So far, most water-related
applications of GO have focused on its adsorptive and photocatalytic properties[130-
132].

The concept of using graphene-based nanomaterials to make water separation
membranes was first examined by molecular simulations [18, 79]. Nanopores were
simulated on the surface of super-high strength graphene monolayers to allow water to
permeate through them while selectively rejecting other substances. It was demonstrated
that, by controlling pore sizes and functional groups on the nanopores, one could make a
monolayer graphene membrane potentially useful for desalination, with a water
permeability of several magnitudes higher than that of current RO membranes. Recently
an experimental study on porous graphene membranes was reported, where ultraviolet-
induced oxidative etching was used to generate nanopores on graphene sheets and the
membrane selectivity for gas separation was tested [20]. Despite these simulation and
experimental efforts, there exist at present significant technical difficulties in creating
such membranes for real-world water separation applications. For instance, it is still

impractical to prepare a large area of monolayer graphene [17]. It is also extremely
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challenging to generate high-density nanopores with controllable, relatively uniform sizes
on the graphene sheet [20].

Using an alternative strategy, we may fabricate a water separation membrane with
stacked GO nanosheets. This is because the GO nanosheet is single-atom-thick with
lateral dimensions as high as tens of micrometers, making it highly stackable [17]. The
two-dimensional channels between the stacked GO nanosheets may allow water to pass
through while rejecting unwanted solutes, a mechanism similar to that of the pores in
traditional membrane structures. Molecular simulations have predicted that water has a
very large slip length (i.e., low friction) on graphene surfaces, resulting in an extremely
high rate of water flow in planar graphene nanochannels [136-142]. This property
promises high water flux in stacked GO nanosheets. In addition, GO nanosheets can be
mass-produced via chemical oxidization and ultrasonic exfoliation of graphite [143-146],
thereby significantly lowering the material manufacturing cost and facilitating scale-up of
the membrane synthesis process. Furthermore, the functional groups (particularly
carboxyl groups) on GO nanosheets provide convenient sites for further functionalization
to enhance properties such as charges and specific interactions with water contaminants
[147-152]. With these exceptional properties, GO becomes an ideal material for
potentially making high-performance membranes for water separation.

Experimental evidence has demonstrated that stacked GO nanosheets made by a
simple solution filtration method exhibited excellent mechanical strength in dry
conditions [20], and could be used as a gas/vapor separation membrane [153]. A
superfast permeation of water vapor through such a GO membrane was observed and

credited to a nearly frictionless flow of monolayered water through the planar capillaries
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formed by the closely stacked GO nanosheets [153]. This exciting water vapor transport
phenomenon has inspired us to explore the feasibility of innovatively using the stacked
GO nanosheets as a membrane to filtrate water in liquid phase.

It should be emphasized that the above water vapor/gas separation GO membrane
in its present form is not directly suitable for water separation. This is because a GO
membrane made via solution filtration is unstable in water, as GO nanosheets are
extremely hydrophilic [17]. To resolve this problem, stable bonding must be created
between GO nanosheets to prevent their dispersion in water. While our paper was under
review, water purification by a membrane comprising unbonded GO nanosheets was
reported [154]. Based on our lab experience, however, unbonded GO layers can be easily
damaged even with a gentle finger touch or detached from the membrane support by
water rinsing. Besides, even though some performance data can be collected through
extremely careful handling of the membrane made with unbonded GO nanosheets, such a
membrane does not survive the cross-flow testing conditions, which are typical in real-
world membrane operations. These lab observations reinforce the need for sufficient
bonding of GO nanosheets in order to make the GO membrane viable for use in water
separation.

Many fundamental questions arise when GO nanosheets are considered a
candidate material for making water separation membranes. For example, water transport
through the nanochannels of stacked GO nanosheets in aqueous solution has not been
experimentally characterized. Thus, whether high water permeability can be achieved
with a GO membrane is yet to be answered. It is also unclear whether the nanochannels

within a GO membrane can provide enough barriers for the removal of targeted water
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contaminants (e.g., salts, organic molecules, and inorganics). Indeed, it is critical to
properly engineer the nano-structure of stacked GO nanosheets so that desirable water
separation performance can be achieved. So far, successful synthesis of a membrane
using bonded GO nanosheets and with stable water separation performance has not been
reported in the literature.

As a first attempt to answer the above identified questions, a novel procedure is
presented in this paper to make a new type of water separation membrane using stacked
GO nanosheets. We deposited GO nanosheets via a layer-by-layer (LbL) approach on a
polydopamine-coated polysulfone support and then cross-linked them by 1,3,5-
benzenetricarbonyl trichloride (TMC). Next, we characterized the physicochemical
properties of GO nanosheets and also the resulting GO membrane by various techniques.
In addition, quartz crystal microbalance with dissipation (QCM-D) was used to validate
the LbL approach used in the GO membrane synthesis. Finally we tested and compared
water flux and rejection performance of GO membranes containing different numbers of

deposited GO layers.

3.3  Materials and Methods

3.3.1 GO Preparation

We prepared GO from graphite using the modified Hummers method [143, 145]. First,
flake graphite was oxidized in a mixture of KMnO4, H,SO4, and NaNOs (Sigma-Aldrich,
St. Louis, MO); the resulting pasty solution was then diluted and sifted through a
polyester nonwoven fabric filter (PET, grade 3249, Ahlstrom, Helsinki, Finland) by

vacuum filtration. The GO solids retained by the fabric filter were suspended in deionized
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(DI) water and centrifuged at 8000 g-force using a Sorvall RC 6+ (Thermo Scientific,
Marietta, OH). The GO solids remaining at the bottom of the centrifuge tube went
through at least three cycles of re-suspension in DI water and then centrifugation to
completely wash out chemical residuals. The washed GO suspension was subsequently
ultrasonicated (S-4000, Misonix, Farmingdale, NY) to exfoliate GO particles into GO
nanosheets. As the last step, the sonicated solution was centrifuged at 8000 g-force to
remove any un-exfoliated graphite residues, resulting in a pure GO nanosheet suspension.
3.3.2 GO Membrane Synthesis

The overall membrane synthesis procedure is illustrated in Figure 3.1(a). First, we used a
porous polysulfone membrane (Sepro Membranes, Inc, Oceanside, CA) as the base
support and dip-coated it in dopamine solution, which was composed of 2 g/I. dopamine
(Sigma-Aldrich, St. Louis, MO) and 10 mM Tris buffer (Sigma-Aldrich, St. Louis, MO)
at pH 8.5. Dopamine polymerized to form polydopamine on the polysulfone support.
Then, the polydopamine-coated support was dried in oven at 65 °C and subsequently
soaked in 0.15 wt.% of TMC solution that was dissolved in Isopar for 10 min. Both TMC
and Isopar were purchased from Sigma-Aldrich (St. Louis, MO). The support was then
rinsed with Isopar to remove excessive TMC and subsequently soaked in GO solution
(2.8 wt.%, dissolved in Isopar), which had been sonicated to break up any GO aggregates
possibly formed due to their high hydrophilicity, for 10 min to attach the first layer of GO
nanosheets onto the membrane support. Next, the membrane was rinsed in Isopar to
remove excessive GOs and then alternately dipped into TMC and GO solutions for a

prescribed number of cycles to create the desired number of additional layers of TMC
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and GO. Finally, the synthesized GO membrane was boiled in a 95 °C water bath for 2 h

to completely remove any residual Isopar.
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Figure 3.1 Schematic illustration of (a) a step-by-step procedure to synthesize the
GO membrane, (b) the mechanism of reactions between polydopamine and TMC,

and (c) the mechanism of reactions between GO and TMC.

3.3.3 Characterization Techniques for GO Nanosheets and GO Membranes

The properties of GO nanosheets and GO membranes were characterized by Raman
spectroscopy (LabRam ARAMIS, HORIBA Scientific, Edison, NJ), atomic force
microscopy (AFM) (Multimode, Digital Instruments, Plainview, NY), x-ray
photoelectron spectroscopy (XPS) (Kratos AXIS 165, Kratos Analytical, UK), Fourier
transform infrared (FTIR) spectroscopy (Nicolet 6700, Thermo Scientific, Marietta, OH),
scanning electron microscopy (SEM) (SU-70, Hitachi High Technologies America,

Gaithersburg, MD), and zeta-potential analyzer (Zetasizer Nano ZS90, Malvern
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Instruments, UK). For the AFM imaging of GO nanosheets, a few drops of diluted GO
suspension were deposited on a smooth glass, which was then dried before being loaded
onto AFM. All membrane samples were dried in oven at 65 °C prior to characterization.
3.3.4 QCM-D Experiments

The QCM-D experiments were performed with a Q-sense E4 system (Q-sense, Sweden)
to characterize the rate of polydopamine/GO/TMC deposition during GO membrane
synthesis. A Q-sense open module 401 (Q-sense, Sweden) with a gold sensor was used in
the measurement. This open module enabled the pipetting of solution directly to the
sensor surface and the monitoring of polymer growth and LbL deposition on the sensor
without any concern of flow channel contamination. The coating protocol for the QCM-D
experiments, including the coating sequence, duration of dipping, and coating solution
composition, was kept the same as that used for the synthesis of GO membranes. The
sensor vibration frequency and dissipation were recorded at 7 overtones during the
coating process. A viscoelastic model from the Q-Tools software (Q-sense, Sweden) was
used to analyze the frequency and dissipation data for the calculation of the amount of
mass (ng/cm?) deposited on the sensor surface.

3.3.5 Membrane Flux and Rejection Tests

We investigated water flux and rejection performance of the GO membrane using a dead
end membrane filtration system. This system consists of a feed tank pressurized with a
nitrogen cylinder, a stirred cell (Amicon 8050) from Millipore (Billerica, MA), and a
digital balance (Denver Instruments, Denver, CO) to monitor the permeate water flux,
which can be automatically recorded by a PC using data acquisition software. DI water

was used to test the pure water flux of the membrane. Before the flux test, the membrane
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coupon was installed in the stirred cell and stabilized overnight under a trans-membrane
pressure of 50 psi (0.34 MPa). A polydopamine-coated polysulfone membrane (i.e., the
membrane without TMC yet) was chosen as a control, because TMC was used to cross-
link GO nanosheets and thus it was considered part of the GO layers of the synthesized
membrane.

To characterize membrane rejection performance, we tested the GO membrane
with the following feed solutions in the listed order, one at a time: NaCl (20 mM),
Na;SO4 (10 mM), Methylene blue (MB) (7.5 mg/L), and Rodamine-WT (R-WT, 7.5
mg/L). All chemicals were obtained from Sigma-Aldrich (St. Louis, MO), and no pH was
adjusted in the prepared solution. Note that MB is a positively charged cation with a
molecular weight of 284 Daltons, and R-WT is a negatively charged anion with a
molecular weight of 487 Daltons. In each rejection test, the experiment was stabilized
under 50 psi (0.34 MPa) for 2 h to eliminate the adsorption effect of GO, before the feed
and permeate samples were collected for concentration analysis. The concentrations of
NaCl and Na,SO4 were measured by a conductivity meter (Accumet Excel XL30,
Thermo Scientific, Marietta, OH). The concentrations of MB and R-WT were analyzed
using a UV-VIS spectrophotometer (UV160U, Shimadzu Scientific Instruments,
Columbia, MD) at a wavelength of 590 and 355 nm, respectively. The membrane was

rinsed with DI water for at least 2 h between testing with different solutions.[155]
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3.4  Results and Discussion

3.4.1 Physicochemical Properties of GO Nanosheets

We used several characterization techniques to understand the unique physicochemical
properties (e.g., shape, functionality) of GO nanosheets, as these properties could greatly
affect the subsequent GO membrane synthesis and eventually the membrane
performance. The GO suspension prepared by the modified Hummers method had a
yellowish/light brown color, indicating that the carbon lattice structure was distorted by
the added oxygenated functional groups, since pure graphene or graphite is black. The
fabricated GO nanosheets were very hydrophilic and remained suspended in water for
several months without a sign of aggregation or deposition. The Raman spectrum (Figure
3.2(a)) shows a G peak at ~1590 cm™', which signifies the sp hybridization of graphitic
carbon, and a D peak at ~1350 cm™, which confirms carbon lattice distortion. The FTIR
spectrum (Figure 3.2(b)) indicates the presence of un-oxidized sp”> C=C bonds in the
carbon lattice (1630 cm™), oxygen-containing functional groups of C-O vibrations
(1047cm™) and C=0 stretching vibration (1724 cm™). The XPS data (Figure 2(c)) show
that about 60% of carbon was not oxidized, 32% had C-O bond (representing hydroxyl
and epoxide groups), and 7% had COOH bond. The zeta potential measurement (Figure
3.2(d)) reveals that the GO nanosheets were negatively charged over a wide pH range. It
is seen from the AFM image (Figure 3.2(e)) that the lateral sizes of GO nanosheets vary
between 100 and 5000 nm. The depth profiles (Figure 3.2(f)) obtained by analyzing the
AFM image demonstrate that the heights of GO nanosheets are in the range of 1-2 nm,

indicating the GO nanosheets contained either single or double layers of carbon lattice.
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Figure 3.2 Characterization of GO nanosheets.

3.4.2 QCM-D Validation of the Membrane Synthesis Procedure

QCM-D experiments were performed to examine the effectiveness of the procedure for
making the GO membrane. The kinetics of polydopamine coating was analyzed with a
clean sensor. As shown in Figure 3.3(a), the clean sensor was first tested in DI water for
0.2 h to calibrate the initial reading to 0 ng/cm®. Then, DI water was replaced by a freshly
prepared dopamine solution. Since turbulence was generated by the pipetting of solution
in and out of the open module, the noisy data between 0.2 and 0.6 h were rejected in the
data analysis. The stabilized data between 0.6 and 1.2 h reveals a continuous increase in
the mass on the sensor surface. This trend suggests that, under studied conditions, a layer
of polydopamine was effectively coated on the polysulfone support and that the layer
thickness increased linearly with time during the first hour or so. Specifically, after being

soaked in the dopamine solution for around 1 h, the sensor surface was coated with a total
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of ~1200 ng/cm” polydopamine. Therefore, by appropriately varying the coating time, we
may be able to accurately control the deposition of polydopamine and hence to obtain the
desired polydopamine coverage and coating thickness on the membrane support.

After polydopamine coating, the LbL deposition of TMC and GO on the
polydopamine-coated sensor was also analyzed by QCM-D experiments. To be consistent
with the LbL membrane coating protocol, the polydopamine-coated sensor was taken out
of the open module to let dry in oven before being put back to the QCM-D system for the
LbL deposition study. As shown in Figure 3.3(b) for the case of 8 GO layers, the dried
polydopamine-coated sensor was first tested in pure Isopar for 0.2 h to calibrate the initial
reading to 0 ng/cm”. Then the sensor was alternately soaked in TMC and GO solutions
while the change in mass on the sensor was monitored continuously. Each cycle of TMC
and GO soaking took around 0.5 h and one additional GO layer was created on the sensor
surface, with TMC working as a cross-linker between GO layers. Figure 3.3(b) reveals
that the sensor mass increases continuously with the increasing number of GO layers,
even though significant fluctuation of data caused by the in-and-out solution pipetting
induced turbulence is observed. After the deposition of 8 GO layers, a total of ~1500
ng/cm’ TMC-crosslinked GO was coated on the polydopamine surface. Although
unknown experimentally, the density of GO layer may be estimated considering that
typical graphene has a density of 2.2 g/cm’ and the spacing between GO nanosheets is
generally twice that between graphene nanosheets [17]. In this way a density of 1.1 g/L
(i.e., half the graphene density) was obtained for the cross-linked GO layer. Based on this
density, the thickness of the GO membrane (excluding the polysulfone support) with 8

cross-linked GO layers was estimated to be 14 nm by the Q-tools software.
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The increase of membrane thickness observed in QCM-D measurement suggests
that the LbL procedure is effective for coating GO onto a polydopamine surface. The
membrane with deposited GO layers was experimentally proven to be stable despite
Isopar rinsing between deposition steps, even under the turbulence created by the
pipetting of solutions in and out of the open module. This stability indicates that TMC is
capable of functioning as an effective cross-linker between polydopamine and the GO
nanosheets closest to the membrane support as well as between neighboring GO
nanosheets, thereby enabling the stacked GO nanosheets as a membrane that is indeed

viable in water environment.
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Figure 3.3 QCM-D characterization of deposition rates for (a) the polydopamine
coating and (b) the LbL synthesis of TMC/GO layers. The polydopamine coating
test started with a clean gold sensor in DI water to calibrate the initial reading to 0
ng/cm2, and then the DI was replaced by an aqueous solution containing 2 g/L
dopamine and 10 mM Tris buffer at pH 8.5. The LbL deposition test started with an
oven-dried, polydopamine-coated sensor in Isopar to calibrate the initial reading to
0 ng/cm2, and then the sensor was alternately exposed to 0.15 wt.% TMC and 2.8
wt.% GO solutions, both of which were dissolved in Isopar. Each cycle of TMC/GO

coating lasted around 0.5 h, followed by Isopar rinsing.
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3.4.3 GO Membrane Synthesis

Synthesis of the GO membrane took three major steps. The first step was to create active
functional sites on the membrane support so that the first GO layer can be strongly
bonded to these sites to ensure membrane stability. To this end, we first coated the
polysulfone support with polydopamine, a proven effective coating material for
polymeric membranes [156]. Then, the polydopamine-coated support was submerged in
TMC solution, which contained three active acyl chloride groups. As shown in Figure
3.1(b), the acyl chloride groups in TMC reacted with the hydroxyl or amine groups in
polydopamine to form ester or amide bonds. As a result, free acyl chloride groups were
created on the polydopamine-coated membrane surface.

In the second step, the first GO layer was attached to the polydopamine-TMC-
treated membrane support. Because the exposure of GO to TMC anchored free acyl
chloride groups on the support surface, when the polydopamine-TMC-treated support
was subsequently soaked in GO solution, the free acyl chloride groups reacted with the
carboxyl or hydroxyl groups in GO to form anhydride or ester bonds, as schematically
illustrated in Figure 3.1(c). Ester bonds were likely the dominant cross-linking bonds in
the GO membrane, because anhydride bonds might hydrolyze when the GO membrane
was exposed to an aqueous environment. Therefore, the first GO layer could be firmly
attached to the support by chemical bonds, with TMC working as the cross-linker
between polydopamine and GO. Note that without polydopamine coating, the GO layer
could not have been effectively attached to the polysulfone support.

As the last step, the LbL deposition of TMC and GO was repeated by alternately

soaking the membrane in TMC and GO solutions. During each deposition process, TMC
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reacted with GO to chemically bond the newly deposited TMC/GO layer onto the
membrane surface. The reaction mechanism was the same as that illustrated in Figure
1(c). Each cycle of alternate soaking created additional layers of TMC and GO, again
with TMC functioning as a cross-linker now between neighboring GO layers. The total
number of repeated deposition cycles determined the number of GO layers in the final
membrane product, with the last deposited layer always being GO.

3.4.4 GO Membrane Characterization

SEM was used to examine the surface morphology of the polysulfone, polydopamine-
coated polysulfone, and GO membranes, respectively. Pores with 10-30 nm in diameter
are observed in Figure 3.4(a) on the relatively smooth surface of the pure polysulfone
membrane. Polydopamine coating slightly reduced the pore sizes because it was
deposited on the pore walls as well as on the surface of the support. At this stage, the
pores were still visible and some bumps were created on the membrane surface (Figure
3.4(b)). After the coating of GO layers, however, the membrane surface morphology was
significantly changed, where pores became invisible and the surface was composed of
scale-like structures. Figure 3.4(c) shows the image for a representative 7-layered GO
membrane. We examined GO membranes made with different numbers (i.e., 5-50) of GO
layers but did not observe any significant changes in surface morphology. The surface of
the TMC-crosslinked GO membrane was relatively hydrophilic with an average water
contact angle of around 60°, which was higher than that of a non-crosslinked GO
membrane (around 20°). This difference suggests that TMC as a cross-linker decreases

the hydrophilicity of the GO membrane.
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Figure 3.4 SEM characterization of (a) the polysulfone membrane support, (b) the
polydopamine-coated membrane support, and (c) the 7-layered GO membrane
(Note that GO membranes with other different numbers of GO layers had a similar
surface morphology), and (d) FTIR spectra of two representative GO membranes,
compared side-by-side with those of the polysulfone support and polydopamine-

coated support.

FTIR was used to characterize membrane functional groups. As shown in Figure
3.4(d), polysulfone and polydopamine-coated membranes lead to very similar FTIR
spectra. The FTIR spectra of the GO membranes, however, reveal a differentiating peak
at 1724 cm’™, which is absent from the spectra of the polysulfone and polydopamine-

coated membranes. This peak represents the stretching vibration of C=0 bonds, which
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are present in carboxyl, anhydrides, and ester groups. The anhydride and ester groups
could result from the reactions between TMC and polydopamine or between TMC and
GO. The carboxyl groups were either present in GO or possibly formed by the hydration
of anhydride bonds or unreacted acyl chloride groups in TMC. It is observed in Figure
3.4(d) that the strength of the peak at 1724 cm™ increases with the increasing number of
GO layers, again confirming the successful LbL deposition of GO and TMC during the
synthesis of GO membranes.

3.4.5 GO Membrane Performance

Water flux of the synthesized GO membranes was tested under a trans-membrane
pressure of 50 psi (0.34 MPa). As shown in Figure 3.5(a), water flux of the
polydopamine-coated membrane (i.e., the one without any GO layers yet) is 1340 £ 40
1/m*-h-MPa (LMH/MPa), which decreases to 80 — 276 LMH/MPa after the membrane
were coated with 5 — 50 layers of GO. It is interesting to observe that water flux does not
decrease monotonically as the number of GO layers increases. In other words, under the
studied conditions, there seems no obvious correlation between water flux and the
number of GO layers. This observation possibly suggests that the water resistance of GO
coating does not linearly depend on the thickness of a GO membrane. We suspect that the
phenomena can be partially attributed to the unique water transport properties of the GO
nanochannels. Note that the flux behavior in GO nanochannels is similar to that in CNT
membranes, where water permeability is not significantly affected by the membrane
thickness [79]. In order to fully explain the flux behavior, however, we need to have a

complete understanding of the size, shape, functionality of the GO flow channels. We are
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currently making an effort to characterize the GO channel properties and elucidate the

water transport mechanisms in these channels.
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Figure 3.5 GO membrane performance: (a) water flux with different numbers of

GO layers, (b) rejection of salts and organic dyes with different numbers of GO

layers, and (c) effect of salt concentration on the rejection by the 15-layered GO

membrane. The data at 0 layer are those of the polydopamine-coated membrane. All

flux and rejection tests were performed under 50 psi (0.34 MPa). The rejection tests

in (b) were performed with 20 mM NaCl, 10 mM Na,SOy, 7.5 mg/LL. MB, and 7.5

mg/L R-WT solutions, respectively.

The separation performance of the synthesized GO membrane was examined

using NaCl as a representative monovalent salt, Na,SOj as a representative divalent salt,

and two organic dyes (MB and R-WT). As seen in Figure 5(b), the polydopamine-coated

39



membrane as a control had almost no rejection of the ions and less than 10% rejection of
the dyes. Note that the polysulfone support itself had no rejection of either ions or dyes.
After GO coating, the rates of rejection of NaCl and Na,SO4 increased to 6 — 19% and 26
— 46%, respectively, depending on the specific number of GO layers deposited. The GO
coating also significantly improved the rejection of organic dyes: the rates of rejection of
MB and R-WT were in a range of 46 — 66% and 93 — 95%, respectively. The higher rate
for R-WT rejection can be attributed to two factors. First, R-WT has a higher molecular
weight than MB, resulting in higher rejection by the size exclusion effect. Second, GO
membranes were negatively charged due to the presence of carboxyl groups, thereby
enhancing the rejection of negatively charged R-WT instead of the positively charged
MB.

In general, we believe that the spacing between GO layers and the charges on GO
nanosheets are two dominant factors determining the rejection performance of the GO
membrane. The spacing between GO layers sandwiched by TMC molecules (0.7 nm) is
estimated to be around 1 nm. The rejection rates for salts and dyes observed in our study
are at a reasonable level for membranes with pores of 1 nm in size. For instance, the salt
rejection of our GO membrane is comparable to that of a CNT membrane with sub-2-nm
sized pores.[157] Currently we are exploring effective, accurate approaches to spacing
characterization in order to fully understand the underlying rejection mechanism.

It cannot be stressed more that, in order to correctly assess the water separation
performance of a GO membrane, the adsorption effect of GO nanosheets must be
excluded during a rejection test. GO is known as a very strong adsorbent for many

organic substances, including most organic dyes (e.g., MB) [131]. In our rejection tests
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with MB and R-WT, we observed that concentration of these dyes in the permeate water
collected at the beginning of the experiments was below the detection limit of 1 pg/L;
after around 0.5 h of continuous filtration, however, the dye concentration began to
stabilize at a higher level. This observation suggested that the initial high rejection was
attributed not to the defining mechanisms (i.e., size exclusion and charge effects) of a
water separation membrane but to GO’s inherent adsorption capacity, which was
typically reached within 1 h. Unfortunately, some researchers might not have eliminated
the adsorption effect of GO when investigating the water separation performance of a GO
membrane, leading to incorrect conclusions. For example, in a most recent study on
unbonded GO membranes, only the initial 5-10 ml of permeate was collected in the
rejection test and the resulting ~100% rejection was unconvincingly attributed to the
separation capability of the membrane [154]. In our study, we have intentionally
excluded GO’s adsorption effect by stabilizing each rejection experiment for at least 2 h
prior to the collection of permeate and feed samples for rejection analysis.

In order to understand how the charge effects influence the water separation
performance of the GO membrane, we studied the rejection of NaCl and Na,SO4 at
different solution concentrations. As shown in Figure 3.5(c), the rejection decreases
significantly as ionic strength (i.e., solution concentration) increases. Specifically, the
Na,SOy4 rejection drops from around 88% at 0.1 mM to nearly 26% at 10 mM, while the
NaCl rejection falls from around 59% at 0.1 mM to around 29% at 10 mM. This
observation indicates that charge effects greatly contribute to the separation mechanisms
of the GO membrane. Note that the Debye lengths for 0.1 mM NaCl, 0.1 mM Na,SOy4, 10

mM NaCl, and 10 mM Na,SO4 are 31 nm, 18 nm, 3.1 nm, and 1.8 nm, respectively. In
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general, as the Debye length decreases, the electrostatic repulsion between ions and the
charged membrane decreases due to the suppressed electrostatic double layers, thereby
causing the rejection rate to drop.

3.4.6  Promise and Future of the GO Membrane

We have demonstrated that selective and permeable GO membranes can be synthesized
via a simple LbL coating approach. The GO membrane has exhibited a number of
fascinating advantages over existing membranes. First, it uses graphite as an inexpensive
raw material, significantly lowering the membrane fabrication cost. Second, the synthesis
procedure for both GO nanosheets and GO membrane are simple and scalable, providing
technical readiness for scaling up the membrane production. In the present stage, the
synthesized GO membrane has very high rejection of an organic dye with a molecular
weight of around 500 Daltons. Water flux of the GO membrane is about 4-10 times
higher than that of most currently commercially available NF membranes.

Further adjusting of GO properties and the membrane synthesis protocol will
hopefully improve water flux and ion rejection. Potential improvement strategies include
engineering the spacing between GO layers by incorporating different-sized cross-linkers,
modifying membrane charges by functionalizing GO with different functional groups,
and optimizing membrane thickness by varying the number of GO layers. Indeed, the
facile synthesis of economical GO membranes with enhanced performance promisingly
qualifies this new type of membrane as a next-generation, cost-effective, and sustainable
alternative to the long-existing thin-film composite polyamide membranes for water

separation applications.
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3.5  Conclusions

A novel procedure was reported to synthesize a new type of water separation membrane
using graphene oxide (GO) nanosheets. The GO membrane was made via layer-by-layer
deposition of GO nanosheets, which were cross-linked by 1,3,5-benzenetricarbonyl
trichloride, on a polydopamine-coated polysulfone support. The cross-linking not only
provided the stacked GO nanosheets with the necessary stability to overcome their
inherent dispensability in water environment but also fine-tuned the charges,
functionality, and spacing of the GO nanosheets. The GO membrane flux ranged between
80 and 276 LMH/MPa, roughly 4-10 times higher than that of most commercial
nanofiltration membranes. Although the GO membrane in the present development stage
had a relatively low rejection (6—46%) of monovalent and divalent salts, it exhibited a
moderate rejection (46—66%) of Methylene blue and a high rejection (93-95%) of
Rhodamine-WT. The promising separation performance was attributed to that water can
flow through the nanochannels between GO layers while unwanted solutes are rejected
by size exclusion and charge effects. The facile synthesis of a GO membrane exploiting
the ideal properties of inexpensive GO materials offers a myriad of opportunities to
modify its physicochemical properties, potentially making the GO membrane a next-
generation, cost-effective, and sustainable alternative to the long-existing thin-film

composite polyamide membranes for water separation applications.
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Chapter 4: Layer-by-layer Assembly of Graphene Oxide Membranes

via Electrostatic Interaction

4.1 Abstract

We fabricated a novel type of water purification membrane by layer-by-layer assembling
negatively charged graphene oxide (GO) nanosheets on a porous poly(acrylonitrile)
support and interconnecting them with positively charged poly(allylamine hydrochloride)
(PAH) via electrostatic interaction. A series of characterization techniques were used to
confirm the successful assembly of multiple GO-PAH bilayers, quantify their
composition and thickness, and understand the structure of the GO membrane. Quartz
crystal microbalance-dissipation (QCM-D) results showed that each GO-PAH bilayer in
the membrane is around 16.5 nm thick and dominated by GO (mass of GO is 2-5 times
higher than that of PAH), indicating multiple layers of GO nanosheets exist in each
bilayer. This is most likely because the mass-to-charge ratio of GO is much higher than
that of PAH. Transport of water and selected solutes in the GO membrane was
investigated in a pressurized system and also in a forward osmosis (FO) and pressure
retarded osmosis (PRO) system. Water permeability of the GO membrane was found to
be about one order of magnitude higher than that of a commercial FO membrane. The
GO membrane exhibited a much lower solute flux for sucrose (as a representative
uncharged species) than for ionic species, although the hydrated radius of the ions is
comparable to that of sucrose. This is most likely because the GO-PAH bilayers swell in
ionic solutions. In solutions of low ionic strength, the GO membrane retained a tight
structure and exhibited low high rejection to sucrose (~99%), indicating a MWCO of

around 342 or an equivalent pore size of around 1 nm. Therefore, at the present stage, the
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GO membrane can be well suited for applications such as FO-based emergency water
purification using sugary draw solutions and water treatment not requiring high ionic

strength.

4.2  Introduction
As a sheet of carbon atoms arranged in a honeycomb lattice and decorated with
oxygenated functional groups (i.e., carboxyl, hydroxyl, epoxy groups), graphene oxide
(GO) can be mass-produced by oxidizing and exfoliating graphite [17] and has great
potential as building blocks for the fabrication of inexpensive yet high-performance water
purification membranes [16, 44, 45, 79, 158]. Compared with traditional membrane
materials such as polyamide, this two-dimensional (2D) material promisingly offers a
number of significant benefits in facilitating the fabrication process and improving the
physicochemical properties of membranes. In particular, the unique 2D structure of GO
makes it ideal for creating a new class of membrane by stacking GO nanosheets via a
layer-by-layer (LbL) assembly technique, which is relatively cost-effective and
environmentally friendly because all fabrication steps can be performed in aqueous
solutions while traditional membrane synthesis procedures (e.g., interfacial
polymerization) often involve complex chemical reactions and use organic solvents.
Unlike traditional membranes that separate unwanted substances from feed water
as water passes through the pores within the membrane active layer, a GO membrane
relies on the nano-sized interlayer spaces to filtrate water as it zigzags within the layered
GO film deposited on a support substrate. The long slip length caused by the capillary

effect makes it possible for water to flow nearly without any friction [44, 159], a very
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desired material property for making high-flux membranes. Recently it has been
experimentally shown that a GO membrane can outperform commercial nanofiltration
(NF) membranes in terms of water flux (an order of magnitude higher) while
demonstrating at least the same level of solute rejection [45]. Besides, it is worth
emphasizing that stacking of 2D nanosheets offers a unique opportunity to very flexibly
optimize various membrane properties during, as opposed to after, membrane fabrication.
For example, membrane selectivity can be tuned by manipulating the spacing between
GO nanosheets, membrane antifouling properties can be enhanced by adjusting the
functional groups and charges on GO nanosheets, and membrane regenerability can be
realized via reversible binding interactions between GO nanosheets.

Membrane integrity must be ensured in order for a GO membrane to be
practically useful for water-solute separation. So far, most layered GO membranes have
been fabricated via a simple solution-filtration process [44, 154, 160] and hence are
highly susceptible to dispersion in an aqueous environment due to the extreme
hydrophilicity of GO nanosheets. To resolve this issue, neighboring GO layers need be
bonded firmly to each other and so does the outermost layer to the support substrate.
There exist different bonding strategies for making a stable GO membrane [161]. One
strategy is to establish covalent bonding between GO layers by using appropriate cross-
linkers such as trimesoyl chloride (TMC) [45]. Another promising strategy is to bond
stacked GO nanosheets through electrostatic interaction. Because GO nanosheets are
negatively charged due to the ionization of carboxylate groups in water [124, 125], they
can act as polyanions and electrostatically bind to positively charged polyelectrolytes

such as poly(allylamine hydrochloride) (PAH) [126, 127]. Note that although the binding
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forces between assembled polyelectrolyte layers are mainly contributed by electrostatic
interaction, hydrophobic interaction and hydrogen bonding may also be involved but to a
lesser extent [123]. Compared with covalent bonding, electrostatic bonding may lead to
GO membrane fabrication that advantageously features simpler reaction, more flexible
control of chemistry, less usage of organic solvent, and reduction of by-products. In fact,
the LbL technique has proven very useful for assembling oppositely charged
polyelectrolytes to form thin films or coatings for membranes used in pervaporation [112,
113], NF [114, 116-118, 162], solvent resistant NF [163] reverse osmosis [114, 119], and
forward osmosis (FO) [120, 122, 162, 164, 165]. An added benefit is that an
electrostatically bonded GO membrane is potentially regenerable, that is, existing GO
layers on the membrane can be released by varying solution chemistry to, for example,
extremely high pH and/or surfactant concentrations, thereby enabling the deposition of
fresh GO layers to regain membrane functionality.

In the present study, we explored the potential use of layered GO membrane in
FO and pressure retarded osmosis (PRO) processes. As an energy-inexpensive alternative
to the conventional pressure-driven membrane processes, the FO/PRO membrane
technology has experienced an accelerated development over the past decade [166-169].
In contrast to other types of water purification membranes, FO/PRO membranes must
have a relatively thin, hydrophilic support in order to reduce internal concentration
polarization (ICP), which is caused by the hindered solute transport within the support
layer and can significantly reduce membrane flux and aggravate membrane fouling. To
date, the existing commercial FO/PRO membranes can be categorized into cellulose-

based membranes and thin-film composite (TFC) membranes. Synthesized via phase
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separation, cellulose-based membranes have excellent antifouling properties but exhibit
relatively low water flux and high salt passage and only work within a narrow pH range
[12, 170, 171]. In comparison, TFC membranes show excellent salt rejection at the cost
of low pure water flux due to ICP effects caused by the thick, dense membrane support
[170, 172]. Therefore, development of high-performance FO/PRO membranes has been a
major task in the journey of achieving the full benefit of such a sustainable technology
[168, 170].

Herein we propose to electrostatically bond layered GO nanosheets to form a
stable GO membrane and test its suitability for FO/PRO processes. Briefly speaking, the
LbL technique was employed to assemble oppositely charged GO and PAH layers on
both sides of a charged support substrate in order to minimize internal concentration
polarization. The GO membrane was then characterized using a series of techniques to
confirm the successful assembly of multiple GO-PAH bilayers, quantify their
composition and thickness, and understand the structure and charge properties of the GO
membrane. Next, we tested the GO membrane in cross-flow pressurized and also in
FO/PRO membrane systems in order to characterize the transport of water and solutes

within the GO membrane, using a commercially available FO membrane as a baseline.

4.3  Materials and Methods

4.3.1 Membrane support preparation

The membrane support substrate was made of polyacrylonitrile (PAN) through phase
inversion and partial hydrolysis. First, a PAN solution was prepared by dissolving 18 g

PAN (Mw = 150,000) and 2 g LiCl in 80 g N, N-dimethylformamide (DMF) (> 99.8%) at
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60 °C. All the chemicals were obtained from Sigma-Aldrich (St. Louis, MO). After
cooling to room temperature, the PAN solution was stored overnight in a vacuum
desiccator. Next, the PAN solution was cast on a clean glass plate using an aluminum
casting rod with a gate height of 125 pm. Then, the glass plate along with the cast PAN
film was immediately soaked in a DI water bath for 10 min, during which phase inversion
took place to form the PAN support, which finally underwent partial hydrolysis in 1.5 M
NaOH for 1.5 h at 45 °C[113, 122] and was thoroughly rinsed with DI water.

4.3.2 GO membrane fabrication

The GO membrane was synthesized via the LbL assembly of GO and PAH on the
hydrolyzed PAN (hPAN) support substrate. The GO solution (1 g/L, pH 4) was prepared
in our lab using the modified Hummers method [48, 143], with the detailed procedure
described in a previous study [45]. The PAH solution was prepared by dissolving 1 g/L
PAH in DI water and the pH was adjusted from 4.6 to 4 using HCI and NaOH solutions.
To fabricate the layered GO membrane, a typical assembly cycle involved soaking the
hPAN support in the PAH solution for 30 min and then in the GO solution for another 30
min, thereby adding one GO-PAH bilayer onto each side of the hPAN support. Repeating
a prescribed number of such soaking cycles led to a GO membrane with a desired number
of GO-PAH bilayers on each side of the hPAN support. The GO membrane was
thoroughly rinsed with DI water between successive soaking treatments.

4.3.3 Characterization of membrane properties.

The hPAN membrane support with or without assembled GO-PAH bilayers was
characterized by Fourier transform infrared (FTIR) spectroscopy (Nicolet 6700, Thermo

Scientific, Marietta, OH) and scanning electron microscopy (SEM) (SU-70, Hitachi High
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Technologies America, Gaithersburg, MD). Their elemental compositions were analyzed
using X-ray photoelectron spectroscopy (XPS) (Kratos AXIS 165, Kratos Analytical,
Spring Valley, NY).

4.3.4 Quantification of LbL assembly

Quartz crystal microbalance with dissipation (QCM-D) (E-4, Biolin Scientific, Linthicum
Heights, MD) was used to monitor the process of assembling GO-PAH bilayers on an
hPAN film. A QCM-D gold sensor (14 mm in diameter) was coated with a PAN film,
hydrolyzed in 1.5 M NaOH solution, and mounted in a QCM-D chamber. The sensor was
successively exposed to PAH (1 g/L, pH 4) and GO (1 g/L, pH 4) solutions to mimic the
LbL assembly of a GO membrane. The mass of GO or PAH deposited on a sensor was
quantified by monitoring and then model-fitting the changes in frequency and dissipation,
respectively, of the sensor against time using Q-Tool software (Biolin Scientific,
Linthicum Heights, MD).

4.3.5 Quantification of charge properties

The charge properties of GO and PAH solutions (1 g/L each) were measured using a
zeta-potential analyzer (Zetasizer Nano ZS90, Malvern Instruments, UK) at selected pHs.
The solution pHs were adjusted by adding HCl and NaOH. No other ionic species were
added to the solutions. QCM-D can effectively characterize the charge density of a thin
film using, for example, CsCl as a probing species [173]. Therefore, we used QCM-D to
measure the charge densities of the PAN and hPAN supports. To do so, a sensor coated
with PAN or hPAN was stabilized in DI water and then in 1 mM CsCl solutions at pH 4,

7, and 10, respectively. Changes in frequency were used to calculate the charge densities
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of the PAN and hPAN, based on the Sauerbrey equation hard-coded in the Q-Tool
software (Biolin Scientific, Linthicum Heights, MD).
4.3.6 Membrane performance evaluation
The GO membrane performance was evaluated under hydraulic pressure as well as in FO
and PRO modes. A commercial FO membrane (Hydration Technology Innovations or
HTI, Albany, OR) was also evaluated as a comparison. A dead-end membrane system
was used to test the pure water permeability of the hPAN membrane support with or
without assembled GO-PAH bilayers. The membrane system consists of an Amicon cell
8010 (Millipore, Billerica, MA), a pressure vessel (Sterlitech, Kent, WA), and a digital
balance (Denver Instruments, Denver, CO) that measures the permeate flow rate and
sends data to a PC for recording. The pure water flux was measured under a
transmembrane pressure of 50 psi (345 kPa).

The FO/PRO membrane system consists of a lab-made FO/PRO membrane cell,
two magnetic pumps (Cole Parmer, Vernon Hills, IL), feed and draw solution tanks, a
temperature-controlled water bath (Neslab, Newington, NH), a digital balance (Denver
Instruments, Denver, CO), and a PC for data acquisition. To test water flux, a membrane
coupon with an effective area of 20 cm® was mounted in the membrane cell between the
feed and draw solution channels. The membrane was then tested in FO mode (with the
membrane front side, i.e., the side of hPAN that had smaller pores, facing the feed
solution) as well as in PRO mode (with the membrane front side facing the draw
solution). We used DI water as the feed solution and three types of draw solutions: 1 M
MgCl,, 0.25 M trisodium citrate (TSC), and 1 M sucrose solutions. This is because 1 M

MgCl; is often used as the draw solution in FO studies, 0.25 M TSC provides roughly the
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same osmotic pressure as 1| M MgCl,, and 1 M sucrose serves as neutral draw solution.
The temperature of feed and draw solutions was controlled at 25 °C. The weight change
of a draw solution was recorded every 5 min and used to calculate the pure water flux.

Solute flux was evaluated by monitoring the back diffusion of draw solutes
through a membrane. To do so, we measured the time-varying draw solute concentration
of the feed solution by using a conductivity meter (Accumet Excel XL30, Thermo
Scientific, Marietta, OH) for MgCl, and TSC and a TOC analyzer (Shimadzu TOC-5000,
Shimadzu Scientific Instruments, Columbia, MD) for sucrose. The solute flux is
calculated as

JS = [C(VO _JWAZ‘) - COVO]/At (4_1)

where J; is the solute flux, Cy and C are the initial and time-varying concentrations,
respectively, of the feed solution, V) is the initial feed volume, 4 is the membrane surface
area, and ¢ is the time. The solute permeability test lasted 2 h during which measurement
was taken every 30 min, and the average of all measurements is reported in the present

study.

4.4 Results and Discussion

4.4.1 Preparation of membrane support

Due to the convenience in manipulating its structure and functional groups, PAN was
selected to fabricate the membrane support via phase inversion [113]. Figure 4.1(a)
shows the cross-section of the PAN support, which was relatively thin (~60 pm) and
contained finger-like structures with low tortuosity. There were dense skin layers on both

sides of the support, with one side (referred to as the front side, Figure 4.1(b)) even
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denser and smoother than the other side (referred to as the back side, Figure 4.1(c)). Such
dense skin layers are ideal for effectively forming a dense barrier layer with much less

imperfection on each side of the support.

Figure 4.1 SEM images of the PAN membrane support: (a) cross section, (b) front
side, and (c) back side. The boxed areas in (b) and (c) were the front and back sides

of the partially hydrolyzed PAN (hPAN), respectively.

PAN was partially hydrolyzed to turn into hPAN such that a portion of nitrile
functional groups (—C=N) were converted to carboxylate functional groups (—COO
),[113, 120, 122, 162] which were necessary for the membrane support to securely attach
the first PAH layer. As revealed by the FTIR spectra in Figure 4.2(a), both PAN and
hPAN spectra have a signature peak at 1450 cm™ for nitrile, while partial hydrolysis led
to a small new peak in the hPAN spectra at 1560 cm™, confirming the formation of
carboxylate functional groups. The replacement of nitrile by carboxylate can also be
verified by the decreased N/C ratio and the increased O/C ratio from XPS analysis
(Figure 4.2(b)). In addition, the O/C ratio for the front side of hPAN is much higher than
that for the back side, possibly because the degree of hydrolysis on the front side was
larger than that on the back side due to the smaller pore sizes (demonstrated in Figure

4.1(b)) and thus larger exposed surface area on the front side. Also because the
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penetration depth of XPS on the back side was higher due to the looser structure there
(demonstrated in Figure 4.1(c)), the overall O/C ratio for the back side is lower. Note that
the partial hydrolysis of PAN did not cause observable changes in the cross-sectional
structure but slightly narrowed the surface pores of the membrane support, as shown in
the boxed areas of Figure 4.1(b-c). The relatively small pore sizes and smooth surface

made hPAN an ideal substrate for the LbL assembly.
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Figure 4.2 Characterization of (a) functional groups on the front side of membrane
supports and GO membranes by FTIR spectrometer, and (b) elemental ratios of
membrane supports and GO membranes by XPS analysis. The FTIR spectra of the

membrane back side are similar to that of the front side.

4.4.2 Charge properties of membrane support, GO, and PAH

The charges of PAN and hPAN were probed by Cs” in QCM-D experiments. As
demonstrated in Figure 4.3(a), the PAN support did not carry any detectable charge at the
studied pH values. In contrast, the hPAN support contained significant negative charges
at pHs 7 and 10 but relatively low charges at pH 4, confirming the successful conversion
of nitrile to carboxylate functional groups, which have a pKa of ~4. Despite the low

charge density at pH 4, as will be seen later, the first PAH layer was still successfully
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assembled on the hPAN support, indicating that interactions (e.g., hydrophobic force,

hydrogen bonding) besides electrostatic interaction also played a role in the deposition of

the first PAH layer.
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Figure 4.3 Characterization of (a) charge density of membrane supports by QCM-
D, and (b) zeta potentials of GO and PAH at different pHs.

The charge properties of GO and PAH were analyzed using zeta potential
measurement to evaluate the feasibility of the LbL assembly of GO-PAH bilayers via
electrostatic interaction as the pH value varies. As shown in Figure 4.3(b), GO and PAH
were able to remain positively and negatively charged, respectively, over a wide pH
range of 2 to 10, thereby ensuring the stability of the electrostatically assembled GO-

PAH bilayers and hence the GO membrane.

4.4.3 LbL assembly of GO membrane

The process of LbL assembly of a GO membrane is schematically illustrated in Figure
4.4. The hPAN support was first immersed in the PAH solution to attach positively
charged PAH, and then in GO solution to deposit negatively charged GO on top of PAH,

thus completing the assembly of the first GO-PAH bilayer on each side of the hPAN
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support. Such a deposition cycle was repeated to assemble a desired number of GO-PAH
bilayers. Note that the pHs of both PAH and GO solutions were kept at 4, close to the
natural values of the as-prepared solutions. Therefore, significant amount of acid or base
was not needed to adjust the solution pH and hence the solution ionic strength was kept to
a minimum, thereby avoiding the formation of a loosely packed membrane structure due
to the otherwise hydration of polyelectrolytes[174, 175] and also preventing GO

nanosheets from aggregation due to the charge screening effect.[176]
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Figure 4.4 Schematic diagram of LbL assembly of a GO membrane by alternately
soaking an hPAN support substrate in 1 g/LL PAH (pH 4) solution and in 1 g/L. GO
solution (pH 4) to deposit a prescribed number of GO-PAH bilayers on both sides of
hPAN.

4.4.4 Characterization of GO membrane

The SEM images in Figure 4.5 clearly show that the two sides of GO membranes were
rougher than those of the original hPAN support (Figure 4.1(b-c)), respectively,
indicating a successful assembly of multiple GO-PAH bilayers. Also note that there
existed significant difference between the surface morphology of the two sides of the
original hPAN support but such difference was reduced as the number of GO-PAH
bilayers increased, indicating that a higher surface coverage by GO-PAH was achieved

on both sides of the hPAN support.
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Figure 4.5 SEM images of the GO membranes made of different numbers of GO-
PAH bilayers.

Additional evidence is available for the successful assembly of GO-PAH bilayers
by the LbL procedure. For example, Figure 4.2(b) shows that the O/C ratio gradually
decreases with the increasing number of GO-PAH bilayers, indicating that the GO-PAH
layers contain less oxygen than the hPAN support. On the other hand, the N/C ratio
remains almost constant, most likely because the nitrogen contents of the GO-PAH
bilayers and the hPAN support are similar. Note that the O/C ratios for both front and
back sides of the 10-bilayer GO membrane reached almost the same value of 0.24,
indicating that the two surfaces attained the same level of coverage by GO-PAH. The
FTIR spectra in Figure 4.2(a) also reveal that the intensity of the carboxylate groups at

1560 cm™ increased as more GO-PAH bilayers were assembled.
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4.4.5 Composition and thickness of GO membrane

QCM-D was employed to monitor the LbL assembly of GO-PAH bilayers so as to
quantify the composition and thickness of the GO membrane. The raw frequency and
dissipation data as well as the derived mass of PAH and GO are plotted in Figure 4.6. It is
clearly shown that the masses of GO and PAH both increased steadily with the increasing
number of bilayers, proving the successful assembly of multiple GO-PAH bilayers.
Besides, the mass of GO was consistently greater (2 to 5 times) than that of PAH after
any deposition cycle, most likely due to the combined effects of the higher charge density
(and thus lower mass-to-charge ratio) of PAH and the larger lateral dimensions (and thus

higher mass-to-charge ratio) of GO.
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Figure 4.6 (a) Frequency and dissipation plot for the assembly of GO-PAH bilayers
on an an hPAN-coated sensor that simulated the surface chemistry of an hPAN
membrane support. (b) Cumulative masses of GO and PAH during the LbL
assembly of a GO-PAH film on an hPAN-coated QCM-D sensor.

The quantified mass of GO and PAH enables us to estimate the total GO-PAH
thickness of a GO membrane. For example, the 10-bilayer GO membrane had a total
deposited mass of 18.2 pg/cm® on the hPAN-coated sensor (Figure 4.6(b)). Assuming a

GO membrane density of 1.1 g/cm’, it is estimated that the total GO-PAH thickness on
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each side of the hPAN support is ~165 nm and hence a single GO-PAH bilayer is ~16.5
nm thick on average, much more than that (~1 nm) of a pure GO layer in previously
reported GO membranes [44, 45], suggesting that multiple GO layers were deposited
during each GO-PAH deposition cycle. As will be discussed later, the high rejection and
low solute flux of sucrose (with a hydrated radius of 0.5 nm) for the GO membrane
indicate that the GO channel size (i.e., the clear interlayer spacing, /#) was ~1 nm, further
supporting the existence of multiple GO layers within one GO-PAH bilayer. Since the
thickness dj of a single GO nanosheet is ~0.3 nm[44], a typical GO layer in the present
GO membrane should have an overall thickness of d = /& + dy = ~1.3 nm, keeping in mind
that PAH might be sandwiched as a spacer between GO nanosheets. Therefore, a total of
16.5/1.3=13 GO layers may have existed in one GO-PAH bilayer. In fact, deposition of
multiple GO layers during one assembly cycle is quite reasonable because, compared
with PAH, GO has a low charge density and hence multiple GO layers were needed to
compensate all charges on PAH. Furthermore, since most charges on GO are located
along its edges [17], multiple GO nanosheets may have been electrostatically edge-
connected to PAH, considering possible partial overlapping of these GO nanosheets as
they were actually deposited at an angle other than perfectly flat. Accordingly, multiple
GO layers were formed during a single deposition cycle. Figure 4.4 illustrates the
structure of a GO membrane where multiple GO layers (and thus multiple inter-GO
channels) exist in each GO-PAH bilayer.

4.4.6 Water flux of GO membrane

The water flux of the GO membrane was measured in a hydraulically pressurized

membrane system. As shown in Figure 4.7(a), the water permeability (i.e., water flux
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normalized by transmembrane pressure) of the GO membranes ranged from 2.1 to 5.8
I/m*-h-atm (LMH/atm) and was much lower than that of the PAN (88.4 LMH/atm) and
hPAN support (19.0 LMH/atm), indicating that the existence of GO-PAH bilayers led to

significant hydraulic resistance and hence lowered the water flux.
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Figure 4.7 Water fluxes of GO membranes. (a) Pure water permeability under
hydraulic pressure. Water flux in FO and PRO modes with (b) 1M sucrose, (¢) 1 M
MgCl,, and (d) 0.25 M TSC as draw solutions, respectively.

At the current stage, the water permeability of the GO membrane is one order of
magnitude higher than that (0.36 + 0.11 LMH/atm) of the commercial HTT membrane
[177], as compared in Figure 4.7(a). Note that the GO membrane permeability can be

further improved by increasing GO porosity and decreasing its tortuosity, both of which
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may be achieved by, for example, optimizing GO lateral dimension, creating vertically
aligned GO nanosheets (i.e., generating straight-through GO channels), and/or varying
deposition conditions.

We also tested the water flux of the GO membrane in FO and PRO modes using
DI water as feed solution and using 1 M sucrose, 1 M MgCl,, and 0.25 M TSC as draw
solutions, respectively. Figure 4.7(b) shows that, when sucrose was used as draw solute,
the GO membrane flux was about 3 to 4 times that of the HTI membrane in FO and PRO
modes, respectively. Note that water flux of the GO membrane in PRO mode was more
than twice that in FO mode, indicating the existence of significant ICP in FO mode. We
hypothesize that the structural integrity and separation capability of the GO-PAH bilayers
deposited on the back side of the hPAN support was less than that on the front side. This
hypothesis is consistent with the observation in Figure 4.7 that as the number of GO-PAH
bilayers increased, the flux difference between FO and PRO modes decreased in general.

It is observed in Figure 4.7(c-d) that water fluxes of a GO membrane in FO and
PRO modes were very similar when using MgCl, and TSC as draw solutes, respectively,
indicating that ICP would simultaneously exist or be absent in FO and PRO modes. In
fact, previous studies have demonstrated that a polyelectrolyte film can significantly
hydrate and thus expand its thickness under high ionic strength [178]. As a result,
regardless of the direction that a GO membrane was placed in the test system (i.e., use of
the membrane in FO vs. PRO mode), the GO-PAH bilayers in contact with the high-
concentration draw solution would hydrate and lead to a loose structure, which allowed

ions to transport and hence caused ICP in the membrane support.
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4.4.7 Solute flux of GO membrane

To understand solute transport in the GO membrane, we measured the solute flux in FO
as well as in PRO mode. As shown in Figure 4.8, the solute fluxes for sucrose, MgCl,
and TSC, are in the range of 0.1+0.1, 3.3+1.2, and 0.7+0.6 mol/m?/h, respectively. The
results demonstrate that the solute fluxes for ionic species were much higher than those of
uncharged species, even though these species sizes are similar (e.g., both sucrose and
TSC have hydrated diameter of ~1 nm). The high solute fluxes (i.e., low rejection) for
ionic species can be most likely attributed to the hydration effect of the GO-PAH film
under high ionic strength [110, 174]. Since polyelectrolytes became more hydrated under
a higher ionic strength condition, it leads to a larger inter-GO-layer spacing and thus
looser and thicker film. Recent studies have shown that such dependency on ionic
solution strength is applicable for both GO and PAH [176]. Therefore, the thickness and
inter-GO-layer spacing of the active layer partly depended on the ionic strength of the
solution to which the active layer was exposed. In comparison, sucrose, which is a neutral
solute, could not exert such effect on the GO membrane. As a result, the GO membrane
remained tight and thus had a low solute flux.

Comparison of the solute fluxes in FO and PRO modes showed different behavior
for sucrose and ionic draw solutions (MgCl, and TSC). When sucrose is used as draw
solution, the solute flux is higher in PRO mode than in FO mode. This is because the ICP
effect in FO mode causes the dilution of draw solution in the membrane support, thus
decreasing the amount of solute permeating through the GO membrane. When the ionic
solutions are used as draw solution, however, the effects are more complicated because

ICP effects are present in both FO and PRO modes due to the swelling/hydration of the
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GO-PAH bilayers on the draw solution side. As a result, the solute flux is affected not
only by ICP but also by the integrity of the GO-PAH bilayers on the front and back sides.
Therefore, there is no obvious trend for the solute flux in FO and PRO modes. Overall,
the solute flux behavior in FO and PRO modes is consistent with the water flux behavior
and further confirms our hypothesis on the unique transport phenomena in the GO
membranes.

It appears that the GO membrane at the current stage may not be directly
applicable for high salinity applications. This is because without covalent cross-linking,
the GO membrane would probably swell under high ionic strength and thus considerably
lose its solute rejection capability. Nevertheless, the sucrose flux of the GO membrane
was low enough to avoid significant back diffusion of draw solutes, even though it is still
more than 7 times that of an HTT membrane (Figure 4.8(a)). For example, the 10-bilayer
GO membrane exhibited around 99% rejection of sucrose (with a hydrated diameter of
around 1 nm), indicating that the channel cutoff size (i.e., the inter-GO-layer spacing) of
the GO membrane was close to ~1 nm or the molecular weight cut-off (MWCO) of the
membrane is around 342. Therefore, the present GO membrane can be well suited for
many important applications such as FO-based emergency water supply that uses sugary
draw solutions as well as water purification and wastewater reuse that do not mandate

high ionic strength conditions.
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4.4.8 Effect of bilayer number

Increasing water flux and decreasing solute flux are usually two competing objectives in
designing a high-performance membrane: an increase in water flux is often accompanied
by a decrease in membrane resistance and also an increase in solute flux. This statement,
however, seems not applicable for the present GO membrane under certain conditions.
For example, when 1 M sucrose was used as draw solution, the 2-bilayer GO membrane
exhibited high water flux (Figure 4.7(b)) and low solute flux (Figure 4.8(a)) almost
regardless of the specific operation mode (i.e., FO vs. PRO). Overall, there seems no
conclusive correlation between the number of bilayers and the water/solute flux of a GO
membrane. This interesting phenomenon could be attributed to the superfast water
transport along the surface of GO nanosheets [44, 45]. Since an increase in the number of
GO-PAH bilayers did not significantly increase the hydraulic resistance of a GO
membrane, the membrane flux did not correlate well with the bilayer number. It also
indicates that an effective GO membrane can be fabricated by merely having two bilayer

deposition cycles.

4.5  Conclusions

The graphene oxide (GO) membrane made by the stacking of bonded GO nanosheets
represents a radically new type of water purification membrane that holds great promise
for high-performance, sustainable water treatment applications. In this paper we have
demonstrated that a GO membrane can be successfully fabricated by layer-by-layer
assembly of GO and PAH via electrostatic interaction. The QCM-D results showed that

each GO-PAH bilayer is around 16.5 nm thick and the mass of GO in each bilayer is 2 to
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5 times higher than that of PAH, most likely due to the higher mass-to-charge ratio of
GO. Such composition indicates than each bilayer contains multiple layers of GO
nanosheets. We have found that water permeability of the GO membrane is about one
order of magnitude higher than that of a commercial FO membrane. At the current stage,
the solute flux of sucrose as a representative uncharged species is much lower than that of
ionic species (MgCl, and TSC), although the hydrated radius of TSC is comparable to
that of sucrose. We hypothesize that this is because the hydration of the layered GO
nanosheets in solutions of high ionic strength (i.e., MgCl, and TSC solutions) enlarges
GO interlayer spacing. Therefore, in order to minimize the hydration effects in solutions
of high ionic strength, future research is warranted to further stabilize the interlayer
forces (e.g., by creating covalent bond). Nevertheless, the GO membrane retained a tight
structure in low ionic strength and exhibited high rejection to sucrose (~99%), indicating

a MWCO of around 342 or an equivalent pore size of around 1 nm.
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Chapter 5: Transport Mechanisms in Graphene Oxide Membranes

5.1 Abstract

Graphene oxide (GO) has shown great promise in developing highly efficient membranes
for water separation. Elucidation of the transport mechanisms is critical to better
designing membranes to fully exploit the potential of GO. This chapter aims at
understanding the transport phenomena for the GO membrane synthesized by the layer-
by-layer assembly of GO and poly(allylamine hydrochloride) (PAH) via electrostatic
interactions. It was found that water traveled through the GO membrane at a velocity of
4.8x10™* m/s under a 1-atm transmembrane pressure, two orders of magnitude higher than
the velocity (8.4x107 m/s) of water flowing between two hypothetical parallel plates. It
implies that PAH most likely connected the GO nanosheets at the edges, which left the
graphene surfaces largely intact for the ultrafast water transport. This is further supported
with the significant impeding effect the GO membrane exerted on the solute transport
either by the hydrophobic graphene surface or by the negatively charged path formed.
The study provides for the first time experimental verification of the fast water transport
through GO channels in an electrostatically assembled GO membrane, and may inspire

the development of next generation membranes based on the highly adaptable GO.

5.2 Introduction

Graphene-based materials have attracted tremendous attention in various fields thanks to
many of their exciting properties such as unique 2-D structure [36], extreme mechanical
strength [16, 65], controllable electrical conductivity (depending on specific materials)

[39, 42], etc. Being solution processable and mass producible [143, 179], graphene oxide
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(GO) is particularly promising in achieving large-scale applications. Indeed, a few
theoretical and experimental studies have reported the potential of GO in developing
highly efficient membranes for water purification [44, 45, 61, 92, 93].

The concept of graphene-based water separation membranes was first examined
by molecular simulations and other theoretical tools [77-80]. Generally, graphene sheets
are impermeable [81], and thus pores ranging from sub-nanometer to nanometer size
were designed on the graphene sheets, and passivated with functionalities. Molecular
transport was then simulated through such nanoporous graphene membranes. Results
suggest that while pore size and chemical functionalization may determine the selectivity
of the porous graphene, ultrafast water transport can be achieved which is orders of
magnitude than the conventional counterparts [77-80]. While these theoretical findings
are encouraging, creating such pores is challenging in large scale [45, 79].

Alternatively, GO membranes are obtained in the form of stacked GO sheets by
simply filtering or spray-/spin-coating GO suspensions. As a proof of concept study for
water separation membranes, Nair et al. demonstrated that micrometer thick GO
laminates allow unimpeded permeation of water yet block other liquids, vapors, and
gases, including helium [44]. Their molecular simulations attributed the anomalous water
transport to the capillaries formed between graphene sheets, which provide a capillary-
like pressure to maintain wetting on the external GO surface and low-friction flow
pathways for monolayer water. This evaporation-limiting transport excludes the passage
of other molecules due to reversible narrowing of the capillaries so that water cannot fill
in low humidity, and/or to the clogging in the functional groups/spacers region by water

molecules [44]. The high capillary-like pressure also acts on ions that fit in the formed
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nanocapillary, making GO films precise molecular sieves with a sharp diameter cutoff at
9 A [92]. For solutes of hydrated radii greater than 4.5 A, no permeation occur through
the GO laminates, yet smaller species, disregarding the charge, travel through the film at
a similar rate that is three orders of magnitude higher than diffusion. Han et al. later
conducted more detailed experiments to showcase the potential of the stacked graphene
sheets for nanofiltration (NF) [93]. They used reduced GO to make the ultrathin
laminates (22—53 nm thick, controlled by GO loading) via filtration, and found the flux to
double that of GO films made in the same manner due to the disappearance of the
functional groups. Pure water flux reached ~22 Lm™h™'bar™, and such high flux cannot be
accounted for by parallel plate Hagen—Poiseuille equation. Rather, it could be well
explained by the slip flow theory that suggests enhanced water flux with water flow
velocity on the graphene surface. Although moderate rejections (20-60%) were achieved
against ion salts, the reduced GO membranes showed near complete retention (> 99%) of
organic dyes in dead end filtration mode due to both size exclusion and Donnan
exclusion.

The ultrafast water transport and precise sieving features inspired us to develop
GO membranes for forward osmosis (FO) in practical applications (Chapter 4) [61]. The
GO membrane was synthesized via a simple layer-by-layer (LbL) process, in which GO
nanosheets were sequentially deposited onto a charged substrate along with
poly(allylaime hydrochloride) (PAH). Water permeability of the GO membrane was
found to be about one order of magnitude higher than that of a commercial FO

membrane. In this chapter, water and solute transport mechanisms shall be explored to
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decipher the observed favorable transport phenomenon. Moreover, the understanding

transport mechanisms is crucial to tailor-designing and optimizing GO membranes.

53 Theory
5.3.1 Water Transport in GO Membrane
The 10-bilayer GO membrane was used as an example to estimate the velocity of water
transport in a GO membrane. The velocity of water transport in the GO channel under a
transmembrane pressure (4P) of 1 atm is estimated in
veo= tJAP/e (5-1)
where 7 is the tortuosity of the GO membrane, J is the water permeability of the GO
membrane, and ¢ is the porosity of the GO membrane. The tortuosity of the GO
membrane is calculated as
7= (LXN)/(N*dy) (5-2)
where L is the nominal dimension of a GO nanosheets, N is the total number of GO-PAH
bilayers, and J; is the average thickness of one GO-PAH bilayer. The average number of
water flow channels within one GO-PAH bilayer is calculated as
Nc = 6,/(h+dy) (5-3)
where 7 is the inter-GO-layer spacing (i.e., water flow channel), and d is the average
thickness of a GO nanosheets. The average number of water flow channels can be used to
compute the porosity of the GO membrane in
&= N(ALxh)/(L?) (5-4)
All parameters needed for the calculations are obtained from previous studies (Chapters

3&4), and listed in Table 5.1. Note that the inter-GO-layer spacing (i.e., water flow
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channel) is taken as 1 nm, based on the rejection of sucrose and TSC (with a hydrated
radius between 0.5 and 0.6 nm) by the present GO membrane.

In order to compare the estimated water flow velocity with that expected from a
Poiseuille flow, the average velocity is determined of a laminar water flow between two
parallel plates by using the following the plate-Poiseuille flow equation:

v, = (n* 12\ AP/NL) (5-5)
where v, is the flow velocity between two parallel plates, u is the dynamic viscosity of

water (0.001 Pa-s at 25 °C), and 4P/L is the rate of pressure drop along the flow channel.

Table 5.1 Parameters for calculating the velocity of water transport in the GO membrane.

Parameters Symbols Values

Water permeability J 5.8 LMH/atm"
Total number of GO-PAH bilayers N 20

Average thickness of a GO-PAH bilayer, per QCM-D 4, 16.5 nm
Inter-GO-layer spacing h I nm

Average thickness of a GO nanosheet dy 0.3 nm

Average number of GO channels in a bilayer N, 12.7

Nominal dimensions of a GO nanosheets [45] LxL 500 nm x 500 nm
Porosity of the GO membrane € 0.10

Channel tortuosity of the GO membrane T 30

4 _LMH/atm = /m*/h/atm
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5.3.2 Diffusion in GO Membrane

The diffusion coefficients of MgCl, and TSC (Na;CsHs0O7) were estimated based on the
coupled diffusion of ions by using the following equation derived from the Nernst-Planck
equation:

_abD,D,
B ab’D, +a*bD,

(5-6)

where D, , is the diffusion coefficient of a neutral species with formula A,Bs, and D,

and Dy are the diffusion coefficients of the dissociated ions 4 and B, respectively. The

diffusion coefficients of dissociated ions and coupled ions are listed in Table 5.2.

Table 5.2. Diffusion coefficients of different ionic species.

Ionic Species Mg2+ Cr MgCl, Na" C6H5073' Na;CsHs07

Diffusion
coefficient (cm?/s)
(Buffle et al. 7.1x10°  2.0x10° 4.2x10° 1.3x10° 6.1x10°  2.6x10°

[180])

5.3.3 Solute Partitioning and Transport of GO Membrane
Note that there is no ICP in PRO mode and the external concentration polarization can be
neglected due to the low permeate flux and high cross-flow rate. For this reason, the
solute flux data measured in PRO mode was used to calculate the solute rejection R and
permeation coefficient B of the GO membrane:
R=1-(J,/J,)/C, (5-7)
B=J,/C, (5-8)
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where J; is the solute flux, J,, is the water flux, and Cj, is the draw solution concentration.

The solute partitioning into the 10-bilayer GO membrane was measured using
QCM-D at a concentration the same as that of draw solution. The solute concentration in
the GO-PAH film is obtained by dividing the adsorbed solute mass (Figure 5.1) by the
volume (i.e., sensor area times film thickness) of the film. As shown in Figure 5.1, the
solute adsorption for the uncoated and coated sensors were quite similar, indicating
membrane support had little effect on solute partitioning. The partition coefficient K can
then be calculated as

K=cC,/C, (5-9)

where C,, and C are solute concentrations in the GO-PAH film and in the solution,

respectively.
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Figure 5.1 Mass of solutes adsorbed on the uncoated and hPAN-coated sensors,

respectively.

The solute diffusion coefficient for the GO-PAH film can be calculated as

D, =B5,/K (5-10)
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where D,, is the hindered diffusion coefficient of solute in the GO membrane, and 6,, is
the total thickness of the GO-PAH film and is estimated to be 330 nm, with each side of

the hPAN support coated with ten ~16.5-nm-thick GO-PAH bilayers [61].

5.4 Results and Discussions

5.4.1 Water Transportin GO Membrane

The water flux of the GO membrane was measured in a hydraulically pressurized
membrane system. As shown in Figure 5.2, the water permeability (i.e., water flux
normalized by transmembrane pressure) of the GO membranes ranged from 2.0 to 5.8
LMH/atm and was much lower than that of the PAN (88.4 LMH/atm) and hPAN support
(14.6 LMH/atm), indicating that the existence of GO-PAH bilayers led to significant

hydraulic resistance and hence lowered the water flux.
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Figure 5.2 Pure water permeability of polyacrylonitrile (PAN) membrane,
hydrolyzed PAN (hPAN) membrane, and GO membranes with 2-10 double layers of
poly(allylamine hydrochloride) and GO.
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As an example, the 10-bilayer GO membrane is used to estimate the velocity of
water transport within a GO membrane. Assuming on average a GO lateral dimension of
500 nm [45], clear inter-GO-layer spacing of 1 nm, and single GO-PAH bilayer thickness
of 16.5 nm [61], the water permeability (5.8 LMH/atm) of the GO membrane can be
converted to a water transport velocity of 4.8x10™* m/s under a 1-atm transmembrane
pressure. This estimated velocity turns out to be two orders of magnitude higher than the
velocity (8.4x107 m/s) of water flowing between two hypothetical parallel plates, as
predicted by the plate-Poiseuille equation. Note that such a fast water transport has been
experimentally demonstrated in a previous study but only for membranes made of pure
GO nanosheets [44]. The functional groups on the basal planes act as spacers between
neighboring GO sheets, which enables the frictionless flow on the graphene surface [44].
Hence, our study provides for the first time the experimental verification of a fast water
transport through GO channels in an electrostatically assembled GO membrane.
Similarly, the majority of the graphene area is likely to remain largely intact in this case,
as PAH molecules further intercalate the GO sheets while not retarding water transport.
Upon knowing that the sandwiching of certain polymers (e.g., PAH) between GO layers
may not necessarily reduce water transport velocity in a layered GO membrane,
researchers are much encouraged to explore the synthesis of highly tunable GO
membranes by using carefully selected polymeric spacers that have exceptional
properties.

5.4.2 Mechanisms of Solute Transport in GO Membrane
To understand solute transport in the GO membrane, we measured the solute flux in FO

as well as in PRO mode. Figure 4.8 in Chapter 4 shows that the sucrose flux of a GO
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membrane was more than 7 times that of an HTI membrane. However, there seems no
conclusive correlation between the number of bilayers and the solute flux of a GO
membrane. Note that the sucrose flux of a GO membrane in FO mode was consistently
lower than that in PRO mode. This is because typically the ICP in FO mode caused the
dilution of draw solution in the membrane support, thereby minimizing the passage of
solutes through the membrane.

Table 5.3 Water and solute transport parameters for the 10-bilayer GO membrane.

Parameters Symbol Unit MgCl, TSC Sucrose
Mass adsorption pg/cm’ 3.5 1.9 10
Concentration in membrane  C, mol/L 3.0 0.6 2.5
Concentration in solution C mol/L 1.0 0.25 1.0
Partition coefficient K - 3.0 2.4 2.5
Water flux J L/m’h 199 9.6 26.5
Solute flux Js mol/m*/h 1.1 0.94 0.15
Solute rejection R -- 78% 90% 99%
Solute permeation B m/s 3.0x107 1.0 x10° 4.2 x10®
coefficient

Diffusion coefficient D, cm?/s 23 %101 1.0x10° 4.1 x10!

Information on solute rejection of the GO membrane can be used to estimate its
pore cutoff size. As shown in Table 5.3, the 10-bilayer GO membrane exhibited much
higher rejection of sucrose (99%) than that of MgCl, (78%) and TSC (90%), indicating
that the channel cutoff size (i.e., the inter-GO-layer spacing) of the GO membrane was

close to the hydrated diameter of sucrose (~1 nm). The relatively low rejection of ionic
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species can be most likely attributed to the hydration effect of the GO-PAH film under
high ionic strength. Therefore, the GO membrane at the current stage may not be directly
applicable for desalination, because without covalent cross-linking, the GO membrane
would probably swell under high ionic strength and thus considerably lose its solute
rejection capability. Nevertheless, the present GO membrane can be well suited for many
important applications such as FO-based emergency water supply systems that use sugary
draw solutions as well as water purification and wastewater reuse that do not mandate
high ionic strength conditions.

In order to determine the mechanisms controlling the solute transport in the GO
membrane, the partition coefficients and diffusion coefficients were characterized for the
three draw solutes (Table 5.3). As given in Table 5.3, partition coefficients of the three
solutes are between 2.4 and 3.0 (so they do not differ significantly), indicating that
partitioning of these solutes into the GO membrane was neither affected by the size or
charge of the specific solute nor a governing factor for the huge difference in the
permeation of these solutes.

As plotted in Figure 5.3, the diffusion coefficients of MgCl, (4.2 x 10 cm?/s),
TSC (2.6 x 10 cm?/s), and sucrose (4.3 to 5.2 x 10°® cm?/s) are similar in bulk water
[180, 181]. Their diffusion coefficients for the GO membrane, however, are 3 to 5 orders
of magnitude lower. The hindering effect is the most pronounced for sucrose, with the
lowest diffusion coefficient of 4.1 x10™"! cm?/s. It is hypothesized that the ring structure
in sucrose may have strong interactions with the carbon rings in GO (e.g., hydrophobic
interactions and m-7 interactions), thereby increasing the hindrance by friction and

decreasing the diffusion of sucrose. The much lower hindering effects for the two ionic
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species (MgCl, and TSC) again can be attributed to the hydration of GO-PAH films

under high ionic strength.
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Figure 5.3 Diffusion coefficients of draw solutes for the 10-bilayer GO membrane,
compared with those in bulk water. Since MgCl, and TSC dissociate into counter
ions in water, the hydraulic radius of the relatively larger ion for each species (i.e.,

Mg** for MgCl, and C¢HsO," for TSC) is used in the plot.

A closer comparison of the two ionic species (MgCl, and TSC) helps us identify
the most possible solute transport path in the GO membrane. Since TSC is composed of
one C6H5O73' and three Na', the diffusion of C6H5O73' should be faster than TSC [180]
and thus more than 25 times that of sucrose, although the hydrated radius of C6H5073' 1S
even slightly higher than that of sucrose (Figure 5.3). The increase in the transport rate of
negative ions (Table 5.3) indicates that the dominant path for solute transport was
negatively charged, since a positively charged path would tend to adsorb negative ions
onto its surface and thereby increase the ion-surface friction and consequently decrease
the diffusion rate. This indication is further reinforced by the fact that the diffusion

coefficient of MgCl, (controlled by Mg”") is only one fourth that of TSC, although
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MgCl, diffuses faster than TSC in bulk water. Therefore, the dominant transport path in
the GO membrane should be that formed by the negatively charged GO nanosheets
instead of positively charged PAH polymers. This conclusion is consistent with the
foregoing observation that the existence of PAH did not interfere with the fast water
transport in GO channels, indicating that most likely PAH connected GO nanosheets only

at their edges while leaving their surface areas largely untouched.

5.5  Conclusions

Transport mechanisms were explored for the GO membranes synthesized via electrostatic
interactions in this chapter. Using a 10 DL GO membrane (10 bilayers of PAH and GO)
as an example, water transport velocity (4.8x10™ m/s at 1 atm) through the GO
membrane was estimated to be two orders of magnitude higher than that (8.4x107 m/s at
1 atm) flowing between two hypothetical parallel plates, as predicted by the plate-
Poiseuille equation. This ultrafast water transport is attributed to the frictionless flow
pathways created by the graphene surfaces of neighboring GO sheets, which was not
covered by the partnering cationic polymer, i.e., PAH. Solute diffusion and partitioning
were characterized for the GO membrane. It was found that the GO layers significantly
impeded the diffusion of the solutes tested (MgCl,, TSC, and sucrose), with the most
pronounced effect on sucrose (diffusion coefficient of 4.1 10" cm?/s). The hindering
effect was a result of the strong interactions between the solutes and the GO nanosheets.
These observations draw a picture of the dominant transport mechanisms in the GO
membrane: PAH most likely connected GO nanosheets only at their edges, which left the

graphene surface areas largely intact for ultrafast water flow, and formed negatively
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charged pathways for impeded solute transport. Understanding the transport mechanisms
is crucial to designing GO membranes to achieve the full potential of GO. For example,
given that the intercalation by PAH did not affect the water transport in the GO
membrane, it is possible that highly tunable membranes can be synthesized by carefully

selecting spacers with exceptional properties.
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Chapter 6: Organic Fouling of Graphene Oxide Membranes and

Implications for Fouling Control in Pressure Retarded Osmosis

6.1 Abstract

Pressure retarded osmosis (PRO) has been gaining wider popularity due to the pressing
energy crisis. However, membrane fouling lowers the water permeability and thus the
power density generated from the PRO process. Herein we demonstrate a novel and
simple strategy to control membrane fouling for PRO by introducing an anti-fouling GO
layer at the back the support layer. This physical barrier was effective at preventing the
foulants from fouling the support interior and from causing severe flux decline. Our
experiments show that the control membrane (without such a GO layer) saw flux
decreases of ~30% after BSA fouling in PRO mode, whereas the GO membrane (with the
GO layer) only reported negligible (less than 10%) flux reduction. With the worse
alginate fouling, the flux dropped by ~50% for the control membrane in comparison to
0% (without Ca®") or 30% (with Ca*") for the GO membrane. Moreover, physical
cleaning by increasing the cross-flow velocity almost fully restored the flux for the GO
membrane in both fouling cases, yet had minimal impact on recovering the flux for the
control membrane. We further conducted QCM-D experiments to study the interactions
between the organic foulants and the membranes at the molecular level. It was found that
the GO membrane presented a higher affinity (4~5 times) towards the organic foulants
than from the control membrane. This is likely due to the large surface area of GO
contributing to the adsorption capacity of the GO membrane. The results indicate that the
low fouling propensity of the GO membrane was due to (1) the role of GO nanosheets as

a barrier layer that prevented fouling of the support interior, and (2) the diminished
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possibility of bridging with foulants because of the low density of available carboxylate
functional groups. These findings settle the competing effects between the hydrophilicity
and the adsorptive property when considering GO for fouling control applications, and

open up a new avenue to improving membrane anti-fouling performance.

6.2  Introduction
Graphene oxide (GO), being a single-layer carbon sheet with unique 2-dimensional (2D)
shape, carrying abundant oxygenated functional groups [44, 182], holds great promise as
an emerging antifouling material for membrane surface modification due to high
hydrophilicity and charge properties [183-185]. For example, GO was blended into the
polymer matrix of polyvinylidene fluoride (PVDF) microfiltration (MF) [184], PVDF
ultrafiltation (UF) [183, 185], and polyether sulfone (PES) nanofiltration (NF)
membranes [186] to reduce organic fouling. In another study, GO and amine-
functionalized GO were stacked onto polyamide (PA) membranes via electrostatic
interactions, and the resulted membranes showed enhanced fouling resistance to bovine
serum albumin (BSA) [104]. The superior fouling performance was attributed to GO-
enhanced hydrophilicity, which led to weaker adhesion forces between foulants and
membrane surfaces [187, 188]. Another study synthesized a GO-doped polysulfone
membrane for wastewater treatment, and found that the negative charge introduced by
GO creates electrostatic repulsion against microorganisms and inhibit membrane
biofouling [189].

Another interesting property of GO that is potentially useful in membrane fouling

control is its antimicrobial properties [69-71]. GO exhibits promising antibacterial
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properties against different bacterial species (e.g., E. coli, B. Subtilis) [71, 190-193].
Possible antibacterial mechanisms include (i) the oxidative stress generated by the
production of reactive oxygen species, (ii) the membrane stress caused by the direct
contact with sharp nanosheets during the initial cell deposition on GO, and (iii) cell
wrapping that reduces the metabolic activities and eventually causes the death of bacterial
cells [71, 191]. Such antibacterial properties of GO have been used to control membrane
biofouling by grafting GO onto polyamide membranes, which resulted in 65% bacterial
inactivation upon direct contact with bacteria [194].

Although previous research show some evidence of GO as a promising candidate
material to reduce membrane fouling, these studies have overlooked some other
properties of GO, such as strong adsorption capability towards organic molecules [195,
196] and large surface area (around 2630 m%/ g) [197], which may adversely deteriorate
membrane fouling. Therefore, more comprehensive and thorough studies are needed to
evaluate and explain the antifouling properties of GO. For example, we need to
understand how the hydrophilicity and adsorption properties of GO nanosheets possibly
interact with one another to contribute to the antifouling properties of a membrane.
Additionally, most of the previous research embedded GO into membrane polymer
matrix that obviously reduced the chance of GO being exposed to foulants and thus
weakened the any potential effects of GO. Therefore, it is necessary to conduct research
with GO fully exposed on the membrane surface so that the effects of GO can be
maximized and comprehensively characterized.

None of the previous study, to our best knowledge, has discussed the potential

benefit of the unique 2D shape of GO in membrane fouling control. The 2D shape of GO
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makes it extremely convenient to assemble a thin film on any surfaces, including the
porous and rough surface on the back side of an asymmetric membrane. This unique
property is especially useful in preventing membrane fouling that occurs in the back side
of a membrane in pressure retarded osmosis (PRO) membrane processes. PRO is a
membrane process that utilizes the osmotic pressure difference between two streams to
create water flow from the low concentration stream to the high concentration stream
through a semipermeable membrane, and the water flow can power a mechanical turbine
to generate electricity [198-201]. PRO has been proposed to harvest the natural salinity
energy from mixing river water and high-salinity water [202-204], which is believed to
add a green and renewable energy source to meet the grand energy challenges for the
present and the future [205-207].

However, membrane fouling in PRO has become one of the major limiting factors
to inhibit the advancement of this technology, mainly because foulants enter the porous
support layer of a semipermeable membrane from the backside and accumulate inside the
porous structure of the membrane [202, 206]. Such fouling is extremely challenging to
prevent because all the state-of-the-art semipermeable membranes we used nowadays
have a relatively open structure (i.e., large pores and rough surfaces) on the back side so
that foulants can easily penetrate. The ultimate negative consequence of PRO membrane
fouling is decreased power generation due to the increased transport resistance (i.e.,
reduced water flux) and fouling enhanced concentration polarization [202, 208-213]. Yip
and Elimelech found that membrane fouling in PRO by natural organic matter (NOM)

caused water permeability to drop by ~39%, which was equivalent to a 26% decline in
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projected power density [202]. Similar observations are also reported in other studies
[209, 211, 212, 214], proving the negative effect on the PRO process.

PRO fouling is not only hard to prevent, but also extremely challenging to clean
as it occurs inside the support layer [202]. For example, Mi and Elimelech compared
membrane fouling behavior in PRO and in forward osmosis (FO), where fouling occurs
only on membrane surfaces [27]. They found that a simple physical cleaning (by
increasing cross-flow velocity) could almost completely remove the fouling layer and
restore water flux in FO, but such cleaning (or even chemical cleaning) is significantly
less effective in PRO due to the shielding effects of support layer, i.e., any changes in
hydrodynamic conditions cannot reach the fouling layer inside the pores [202]. Even an
osmotic backwash (achieved by switching the feed and draw solutions) could only
recover ~60% water flux or ~44% project power density [202]. Researcher also tried to
modify the membrane support to alleviate fouling in PRO. For instance, Li et al. grafted
hyperbranched polyglycerol on dopamine coated poly(ether sulfone) (PES) hollow fiber
support layers [215]. The resulting TFC membranes showed higher flux when fouled by
bovine serum albumin (BSA), and ~94% flux recovery after DI water cleaning [215].
However, grafting with soft polymers still cannot prevent the accumulation of foulants
inside the membrane support thus presenting long-term fouling concerns.

Intuitively, PRO membrane fouling can be addressed by creating an antifouling
“barrier” that totally blocks the entrance of the foulants into the support layer [215, 216].
However, the traditional membrane synthesis approaches, such as phase inversion or
interfacial polymerization, pose significant technical challenges to create such a dense

layer on the back side. Additionally, the often large pores (with sizes ranged between
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hundreds of nm to a few micronmeter) on the back side of the membrane cannot be fully
covered by any surface modification techniques using soft polymers. GO nanosheets, in
the contrary, has a unique 2D shape with lateral dimensions often up to a few
micronmeters, thus providing great opportunities to create an effective dense barrier on
the back side of a porous support.

Therefore, the objective of the study is to thoroughly evaluate the antifouling
behavior of a GO membrane and demonstrate its advantageous potential to effectively
control PRO membrane fouling. The GO membrane was prepared by the layer-by-layer
(LbL) assembly of GO nanosheet and cationic polyelectrolyte on both the top and back
sides of a membrane support. The fouling performance of the GO membrane was
thoroughly evaluated in comparison with that of a benchmark polyamide membrane in
both FO and PRO modes. Quartz crystal microbalance with dissipation was used to
characterize the membrane-foulant interactions in order to explain the fouling

mechanisms.

6.3  Materials and Methods

6.3.1 Chemicals and Materials

All chemicals were used as received from Sigma-Aldrich (St. Louis, MO) unless listed
otherwise. The following chemicals were used for membrane synthesis: polyacrylonitril
(PAN) (Mw = 150,000), N,N-Dimethylformamide (DMF), sodium hydroxide (NaOH),
poly(allylamine hydrochloride) (PAH), polysulfone (PSf) pellets (Udel P3500, Solvay
Specialty Polymers USA, Douglasville, GA), 1-methyl-2pyrrolidinone (NMP), 1,3,5-

benzenetricarbonyl trichloride (TMC), 1,3-phenylenediamine (MPD), and isopar-G

86



(Univar, Redmond, WA). Sodium chloride (NaCl) and sucrose were used as draw solutes
in the fouling experiments. Sodium alginate (Mw 12—80 kDa) and bovine serum albumin
(BSA, lyophilized powder, Mw ~ 66 kDa) (Sigma Aldrich, St. Louis, MO) were selected
as model organic foulants in the study. Stock solutions were prepared by dissolving 10
g/L of each foulant in deionized (DI), and were stored in sterilized bottles at 4 °C.

6.3.2 Preparation of GO and PA Membranes

GO was prepared by the modified Hummer’s method as described in our previous studies
[45, 61]. The GO membrane was synthesized by LbL assembly of GO and PAH [61].
Briefly, a hand-cast PAN membrane was hydrolyzed in 1.5 M NaOH solution for 90 min
to get a hydrolyzed PAN (hPAN) support. Then, the hPAN support was alternately
soaked in 1 g/L PAH and 0.5 g/L GO solutions (both at pH~4) for five times to assemble
a five-double layer (DL) GO-PAH film on both sides of the hPAN support. The
polyamide (PA) membranes were prepared by interfacial polymerization [172, 217].
First, a PSf membrane support was prepared by casting 125-um thick PSf film (12 wt%
dissolved in NMP) onto a polyester nonwoven fabric (PET, grade 3249, Ahlstrom,
Helsinki, Finland), which was then immediately transferred into a 3 wt% NMP/DI
coagulation bath and submerged for 10 min to allow complete phase separation. The thus
formed PSf membrane was stored in DI water for several days with frequent DI
replacement to remove residual NMP in the support. To form PA layer on the support,
the PSf membrane was mounted in a 6-inch frame with the top side forming a reservoir to
hold 15 mL MPD solution (3.4 wt% in DI) for 2 min; then the support was dried with a
filter paper and 15 mL TMC solution (0.15 wt% in Isopar-G) was poured onto the

membrane to allow interfacial polymerization; after 1-min reaction time, the frame was
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held vertically for 2 min to drain the TMC solution; and finally the membrane was
released from the frame and underwent a series of post-treatment by soaking in 95 °C
water for 2 min, in 200 ppm NaOCI aqueous solution for 2 min, in 1000 ppm NaHSO;
aqueous solution for 0.5 min, and eventually in 95 °C water for 2 min. The synthesized
GO and PA membranes were thoroughly rinsed with DI water and stored in 4 °C before
tests.

6.3.3 Membrane Performance Tests

The membrane performance was tested in a custom built FO membrane crossflow system
as described in previous study. [218] The system consists of a membrane cell with an
effective membrane area of 20.02 cm?, two magnetic pumps (75211-30, Cole-Parmer,
Vernon Hills, IL) that circulate the feed and draw solutions through the membrane cell
from their reservoirs, a water bath (NESLAB RTE 10, Thermo Scientific, Newington,
NH) to keep the system temperature at 25 °C throughout each experiment, a digital
balance that sends the weight of the draw solution to a personal computer for recording
every 5 min, a stir plate to mix the feed solution constantly.

The water permeability coefficient (4) and solute permeability coefficient (B) of
the membrane selective layer and the structural parameter (S) of the membrane support
layer were characterized using the protocols developed by Tiraferri et al.[219]. Each
characterization experiment consists of four stages, in which the concentration of the
draw solution was raised incrementally. The weight change of the draw solution was
monitored to calculate the water flux, .J,,, and the concentration of the feed solution to
calculate the solute flux, J;, using the following equations:

J. = Am
pA, At

(6-1)
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(6-2)

where Am is the weight change for the draw solution in a given time, A¢, p is the density
of water, 4,, 1s the effective membrane area, Cy and C are the respective concentration
before and after time A¢, V) and V are the respective volume of feed tank before and after
time At.

In order to characterize the fouling behavior of the membranes, 40 mL foulant
stock solution was added to the feed solution (50 mM NaCl) after achieving equilibrium
in the system, and the initial foulant concentration in the feed was 200 mg/L. All the
fouling experiments were performed with the same initial water flux at ~4 pm/s, which
was achieved by adjusting the concentration of the draw solution. The feed and draw
solutions flowed concurrently at a crossflow velocity of 10.7 cm/s. The fouling
experiment was stopped when the accumulated volume in the draw solution reached ~400
mL (16~20 hours depending on membranes). Physical cleaning was immediately
performed by flushing DI through the system concurrently at a crossflow velocity of 21.5
cm/s for 15 min, after which the water flux was measured again (using the initial feed and
draw solution compositions used in the fouling experiments) to determine the flux
recovery rate.

6.3.4 QCM-D Experiments

Quartz crystal micro-balance with dissipation (QCM-D) (E-4, Biolin Scientific,
Linthicum Heights, MD) was used to quantify the charge density of membranes and
adsorption of foulants onto the membrane. In order to perform the QCM-D
measurements, GO and PA membranes were coated onto a gold sensor (Biolin Scientific,

Linthicum Heights, MD) using the same procedure as used in membrane synthesis. Both
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the GO- and PA-coated sensors were then exposed to a series of 1 mM CsCl solutions at
pHs in the sequence of 10, 7, and 4 to quantify the charge density [173]. The pH of the
CsCl solutions was adjusted with 1 mM CsOH solution. After thoroughly rinsing both of
the layers with DI water, both the BSA and alginate foulant solutions (200 mg/L in 50
mM NaCl solution, as used in the membrane fouling experiments) were pumped through
the chambers to determine the adsorption of foulants on the membrane surface, and to
study the interactions between the foulants and the membrane surfaces. The changes in
frequency (f) and dissipation (D) were recorded upon the introduction of the foulants, and
were modeled in the viscoelastic model for the mass of foulants adsorbed onto the GO-

and PA-coated sensors.

6.4  Results and Discussion

6.4.1 Permeation properties of GO membranes compared with PA membrane

We characterized the transport (4 and B) and structural (S) parameters for both the GO
and PA membranes according to reference [219]. The results are summarized in Table 1.
The GO membrane had similar B values as the PA membrane when sucrose was used as
the draw solute. Yet a much higher A was observed with the GO membrane, indicating a
significantly lower intrinsic permeation resistance. The structural parameter kept
relatively constant for the PA membrane using either solute, which implies that the PA
support was not affected (swollen or plasticized) by the solutes. It should be noted that
the GO membrane had a higher S than that of the PA membrane, as the diffusion distance
was elongated by the PAH/GO coating on the support layer. Although this extra “layer”

is likely to enhance internal concentration polarization by shielding the solutes from
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external hydrodynamic conditions, it is expected to block the foulants from entering the

support layer and causing flux deterioration as shown in the following section.[220]

Table 6.1 Transport and structural parameters for the PA and GO membranes.

Membrane Draw Solute A (LMH/bar) B (LMH) S (um)
NaCl 0.686 £ 0.144 1.55+0.08 256 +£27
PA
Sucrose 0.818 2.84 218
GO Sucrose 5.36+4.72 2.10+1.24 354 + 151

Note: LMH = I/m*-h

6.4.2 The fouling behavior of GO membrane compared with PA membrane

BSA fouling. Minimal fouling was observed with either the PA or the GO membranes
when BSA was present under FO mode (Figure 6.1(a&b)). This is likely due to the low
flux (initially ~ 4 pm/s) at which the series of experiments were performed. It is well
known that physical conditions, such as initial permeation flux, affect membrane
fouling.[221] As foulants are brought and deposited onto the membrane surface, a higher
initial flux generates a greater permeation drag force and thus faster foulant deposition,
which leads to elevated flux decline. The presence of Ca® (0.5 mM) in the feed slightly
enhanced BSA fouling in FO mode for the PA membrane. Ca®" ions are reported to
interact with carboxylate groups of organic molecules to form complexes, and also with
the carboxylate groups of the membrane surface to bridge the organic foulants and the
membrane.[221, 222] Due to this effect, the flux dropped to 83% for the PA membranes
after the fouling run with Ca®", while only 3% flux decline was observed without Ca*".

For the GO membrane, there appeared to be negligible fouling as the flux kept constant
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during the fouling experiments after baseline correction, presumably due to the lower

affinity between the GO layer and BSA (Section 3.3).
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Figure 6.1 Comparison of the fouling behavior of GO and PA membranes in FO
mode. (a) BSA fouling without Ca®", and (b) BSA fouling with 0.5 mM Ca®™, (c)
alginate fouling without Ca®", and (d) alginate fouling with 0.5 mM Ca*". The initial
flux was ~ 4 pm/s for all experiments, which were stopped when the cumulative
volume reached ~400 mL. The system (with the fouled membrane) was then flushed

with DI for 15 min at a crossflow velocity of 21.4 cm/s.

Immediately after fouling, the membranes were physically cleaned by flushing
the system at a crossflow rate of 21.5 cm/s with DI water for 15 min. This cleaning

approach has shown to be effective to remove loose fouling layer on the active surface of
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FO membranes.[27] After cleaning, the flux of the tested membranes all restored their
full capacity, even for the PA membrane fouled by BSA with Ca*". Surprisingly for the
GO membrane, the flux did not seem to fully recover after cleaning (80~90%), even
though no fouling was observed. We attribute this lower observed recovery to the re-
arrangement of the PAH/GO layers upon environmental changes as reported for self-
assembled polymeric multi-layers [61]. To verify this assumption, an additional series of
experiments were conducted, which consisted of the following tasks: (1) a baseline was
first obtained for a GO membrane, (2) the cleaning protocols were applied, and the
recovery was determined, and (3) the GO membrane was subject to BSA fouling,
physical cleaning, and flux recovery. The flux recovery was 89.42% after obtaining the
baseline, and remained practically constant at 90.55% after fouling (see Supporting Info).
This result confirms that the PAH/GO layers underwent arrangements during and re-
stabilized after the first physical cleaning. Thus, the lower than unit flux recovery is not
indicative of membrane fouling.

Alginate fouling. Compared to BSA fouling, membrane fouling by alginate was more
severe, irrespective of the presence of Ca’" in the feed solution (Figure 6.1(c&d)). The
flux decreased to ~90% (without Ca*") and ~80% (with Ca®") after fouling with alginate
for the GO membranes, in comparison to ~100% (without or with Ca®") for BSA fouling.
It is more pronounced with the PA membranes, with ~80% (without Ca’")and a
staggering ~60% (with Ca”") after alginate fouling. The presence of Ca”" is observed to
exacerbate alginate fouling, as Ca®" ions were found to bridge alginate molecules by the
carboxylate groups and form gel-like fouling layers [221, 222]. This elevated fouling is

likely due to the higher intermolecular adhesion force between alginate molecules, which
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led to aggravated membrane fouling than with BSA under similar hydrodynamic
conditions [221]. However, the physical cleaning proved to be adequate to recover
membrane permeability for both types of membranes despite the enhanced membrane
fouling. Note again that the lower than full recovery was partially, if not completely, due
to the re-arrangement of the PAH/GO layers upon physical cleaning.

6.4.3 Understanding the effects of charge and adsorption properties of GO on fouling
The GO layer has negligible carboxylate groups compared to the PA membrane (Figure
6.2(a)). The low carboxylate group density is due to (1) limited carboxylate groups in the
GO sheets [44, 182] and (2) their participation in the electrostatic interactions to self-
assemble the composite PAH/GO layers [61]. It has been demonstrated that membrane
surfaces with lower carboxyl group density result in weakened foulant-surface
interactions (lower adhesion force and rupture distance) in the presence of calcium
ions.[223] Thus the likelihood is minimized for the intermolecular bridging between the
carboxylate groups of the membranes and those of the foulants in the presence of divalent
cations [221-223].

One limitation for the anti-fouling GO layers, however, is the high adsorption
capacity of the GO nanosheets. Figure 6.2(b) depicts the amount of the two organic
foulants (BSA and alginate) deposited on the PA and GO membranes determined from
the QCM-D experiments. Compared to that adsorbed on the PA membrane, more foulants
(nearly four times as much BSA and five times as much alginate) accumulated on the GO
membrane despite the countering effect of reduced carboxylate groups. This finding
again substantiates that foulant deposition in the support matrix has a more adverse

impact on flux than that on the external layer in PRO mode, as will be discussed below.
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While this study demonstrates that membrane fouling is substantially improved by
relocating the foulants from the support layer to the GO-coated anti-fouling layer, the
limitation of high adsorption for such layers may be addressed by functionalizing the GO

nanosheets for even better fouling performance.
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Figure 6.2 (a) Density of carboxylate groups on membrane surface at different pHs,
and (b) deposition of foulants on the PA and the GO membranes as monitored by
QCM-D. 1 mM CsCl at pHs 4, 7, and 10 were introduced to the GO- and PA-coated
sensor for charge probing. After rinsing thoroughly with DI, both coated sensors
were exposed to model foulant solutions (200 mg/L in 50 mM NaCl solution) to

monitor the deposition of foulants on modeled membrane surfaces.

6.4.4 Effective control of PRO membrane fouling using double-sided GO membrane
BSA fouling. Compared to in FO mode, foulants deposit inside the porous support layer
(and at the interface between the active and support layer) of an asymmetric membrane.
Therefore, asymmetric membranes experience worse fouling in PRO mode, since the
support layer shields the deposited foulants from being flushed away by the shear force

originating from the cross-flow. The shielding effect not only favors foulant deposition at
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a faster pace, it also renders the physical cleaning not as effective as in FO mode. Thus, it

is critical to “intercept” the foulants at the entrance of the support layer by creating the

GO barrier atop.
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Figure 6.3 Comparison of the fouling behavior of GO and PA membranes in PRO
mode. (a) BSA fouling without Ca**, and (b) BSA fouling with 0.5 mM Ca®", (¢)
alginate fouling without Ca’*, and (d) alginate fouling with 0.5 mM Ca*". The initial
flux was ~ 4 pm/s for all experiments, which were stopped when the cumulative
volume reached ~400 mL. The system (with the fouled membrane) was then flushed

with DI for 15 min at a crossflow velocity of 21.4 cm/s, after which the flux recovery

was measured.
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Figures 6.3 demonstrate the impact of the GO layer on the fouling performance.
The GO membranes showed negligible BSA fouling in the absence or presence of Ca®’,
as reflected in the flux (80~90%) after fouling. On the contrary, the PA membrane,
without the GO barrier at the support, suffered higher flux decline to 60~70% (Figure 6.3
(a&Db)). The difference is presumably due to the fact that BSA accumulated within the
support of the PA membranes, while the GO layer blocked the BSA and retained the
foulants outside the support of the GO membranes. This hypothesis is reinforced by the
discrepancy of cleaning efficiency for the two membranes. Physical cleaning had little
impact on the flux recovery on the PA membrane, which is attributed to the deposition of
foulants in the support so that the shear force could not reach. With the additional GO
barrier, however, the foulants were expected to accumulate outside the support (on the
GO layer). And the cleaning-related shear force could easily flush off the foulants and
restore the permeability of the GO membrane, as shown in the high flux recovery for the
GO membranes.
Alginate fouling. Similar to FO mode, PRO mode saw increased membrane fouling by
alginate than by BSA for both the PA and GO membranes (Figure 6.3(c&d)). For
example, the flux dropped by ~50% after alginate fouling on the PA membrane,
compared to by ~30% after BSA fouling. Surprisingly, the addition of Ca** slightly
worsened fouling on the PA membrane, yet it had a clear impact on the GO membrane.
This comparison again implies that the alginate molecules accumulated inside the PA
support, but deposited on the GO layer outside the support of the GO membrane. Ca*"
can bridge alginate molecules to form gel-like fouling layers on membrane surfaces, as

seen in the steady and sharper flux decline for both the PA and GO membranes in FO
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mode. A similar trend of flux decline was observed for the GO membrane in PRO mode,
but disappeared for the PA membrane. In analogy, alginate fouling occurred mostly
outside the GO membrane yet inside the PA membrane in PRO mode. Because the
cleaning-induced shear force could only act upon the foulants on the membrane surface,
the effect of physical cleaning was different on the flux recovery for the two types of
membranes. When the foulants deposited on the membrane surface as for the GO
membrane, cleaning by increasing the cross-flow velocity was adequate to restore
membrane flux close to its original level. On the other hand, when the PA membrane was
fouled on the inside of the support, the same cleaning method had limited effect on flux
recovery (only recovered to 60~70% of the initial flux).
6.4.5 Anti-Fouling mechanisms for GO membrane
As discussed above, the major anti-fouling mechanism is to prevent the foulants from
clogging the support layer in PRO operations. As demonstrated by the surface image of
front and back sides of the GO membrane in Figure 6.4(a), continuous GO membrane
was created on both sides of the membrane [61]. This coverage creates a selective layer
on the active side of the hPAN support as well as the “anti-fouling barrier” for PRO. In
our previous study, the thickness of each bilayer of GO and PAH was estimated to be
16.5 nm, and the equivalent molecular weight cutoff was around 1 nm [61]. The
roughness of the GO membrane active layer is comparable to the PA selective layer with
the ridge-and-valley surface.

By physically setting a barrier layer at the entrance, foulants are retained outside
the support layer rather than deposit inside to cause severe irreversible fouling (Figure

6.4(b)). As displayed in Figures 6.3, the GO barrier was successful in preventing the
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foulants from moving into the support layer, which was the case for the PA membrane
without such a layer. Accumulation of foulants within the porous support drastically
increases transport resistance, thus reduces membrane permeability, and ultimately
causes severe irreversible membrane fouling [202]. The negative effect was in full
display for the PA membranes, which only registered 60~70% of the initial flux upon
physical cleaning after fouling in PRO mode. The relocation of the foulants onto the
membrane surface, however, lessened membrane fouling significantly. For the GO
membrane, PRO mode fouling (by both BSA and alginate) had similar flux patterns to
FO mode fouling. Because the GO layers were coated on both sides of the support, both
coated layers acted as selective layers. One GO layer serves as the tight selective layer,
whereas the other is relatively loose residing on the porous support. So the deposition of
foulants on the tight GO layer in FO mode was expected to behave similarly to that on
the other loose GO layer in PRO mode, as long as both GO layers maintain high rejection
against the foulants. The B parameter for the GO membrane was on the same magnitude
as that for the tight PA membrane when using sucrose as the draw solute, indicating the
“integrity” of both the GO layers. Therefore, fouling in PRO mode was essentially
converted to fouling in FO mode, which has been extensively studied and reported to be
affected by various chemical (e.g., pH, ionic strength) and physical (e.g., shear and

permeation drag forces) aspects.
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Figure 6.4 (a) SEM images of the front and back side surfaces of the GO membrane,

and (b). mechanisms of physical cleaning for the PA and GO membranes

6.4.6 Effect of draw solute on fouling

As pointed out in our previous study, the electrostatic interactions between the PAH and
GO make the GO layers subject to swelling in environments of high ionic strength [61].
In such a case, the PAH/GO layers become loose and the active layer not as tight.
Foulants may accordingly reach the membrane support through and/or be trapped in the
relaxed PAH/GO layer, in addition to depositing atop the GO layer. As a result, the GO
barrier may not be as effective in controlling membrane fouling in PRO mode. This effect
is manifested in Figure 6.5, which compares the flux decline behaviors of the GO
membranes with BSA fouling in PRO mode using MgCl, (an ionic species) and sucrose

(neutral species) as the draw solutes. It is apparent that the flux decreased to a greater
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extent (by ~60%) after fouling when MgCl, was used as the draw solute. Physical
cleaning recovered the water flux from ~40% to ~60%, in comparison to the near full
recovery when sucrose was the draw solute. The low recovery hints that the loose GO
layer at high ionic strength was not sufficient to block the foulants from traversing into
the support. The accumulated foulants then caused the major fouling (irreversible flux
decline), since the physical cleaning was proved to be adequate to restore the membrane
flux close to the original level when a neutral solute (i.e., sucrose) was used as the draw
solute. The drawback may be circumvented by chemically cross-linking the GO/PAH
layers such that the electrostatic interactions are replaced by covalent bonds, which are

not influenced by ionic strength.
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Figure 6.5 Effect of draw solutes on BSA fouling for the GO membrane. The initial
flux was ~ 4 um/s for all experiments, which were stopped when the cumulative
volume reached ~400 mL. The system (with the fouled membrane) was then flushed
with DI for 15 min at a crossflow velocity of 21.4 cm/s, after which the flux recovery

was measured.
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Chapter 7: Regenerable Forward Osmosis Membranes

7.1 Abstract

Membrane regeneration presents as a promising alternative to frequent membrane
cleaning and replacement. Using the graphene oxide (GO) membranes based on the
layer-by-layer (LbL) approach, this chapter demonstrates that the regeneration of the GO
membrane can be easily accomplished by first soaking in a pH 13 solution and then
repeating the LbL synthesis process. The regeneration procedures were capable of fully
restoring the performance of the GO membrane. Upon close examining the membrane
deconstruction mechanisms, it was found that the GO multilayers assembled along with a
cationic polyelectrolyte (poly(allylamine hydrochloride), PAH) were exceptionally
stable, likely due to the ring-opening reaction of the epoxide groups on the GO sheets.
The covalent bond may impart the GO membranes with resistance to various harsh
conditions that would decompose multilayers of regular polyelectrolytes built using the
LbL method. With the strong GO-PAH layers, the membrane deconstruction was
ascribed to the diminished electrostatic interactions between the carboxylate groups on
the substrate and the neutral amine groups of PAH, leading to the peeling off of blocks of
GO-PAH layer composite. Finally, membrane regeneration will be performed on fouled

membranes, illustrating its applicability in practice.

7.2 Introduction
Forward osmosis (FO) has proven to be a sustainable alternative to pressure-driven
processes such as reverse osmosis (RO), nanofiltration (NF), ultrafiltration (UF), etc.

[166]. Rather than using hydraulic pressure as the driving force, FO eliminates such a
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necessity as it utilizes the natural osmotic pressure between draw and feed solutions. This
feature leads to significant reductions in energy input, and enables potential reclamation
of low quality heat [224]. In addition, the FO process also offers an array of other
advantages, such as higher water recovery and lower brine discharge [225]. Yet as with
the traditional pressure-driven membrane processes, FO also faces a major challenge—
membrane fouling, albeit less severe due to the absence of hydraulic pressure [27, 221].
Extensive research efforts have been devoted to understanding the fouling mechanisms
for FO processes recently, which suggest that fouling is dependent on a multitude of
factors including membrane surface chemistry, the nature of foulants, solution chemistry,
hydrodynamic conditions, and so forth. Such research point to the inevitability of fouling
in FO and the development of anti-fouling strategies.

Surface modification of FO membranes may be the most widely employed
approach to improve fouling resistance. The strategy aims at altering membrane surface
properties, e.g., hydrophilicity, charge, cyto-toxicity, etc., in order to minimize the
interactions between foulant molecules and membranes and thus membrane fouling. For
example, poly(dopamine) coating has been frequently adopted to enhance surface
hydrophilicity [226, 227], which decreases membrane fouling propensity thanks to the
hydration layer formed consequently [228-230]. In the same token, poly(ethylene glycol)
(PEG) has also been grafted to membrane surface to control membrane fouling [231-
233]. In addition to polymers, nanoparticles are promising as well in tuning membrane
hydrophilicity to mitigate fouling [115, 230, 234-236]. Notably, Tiraferri et al.
functionalized positively charged, super hydrophilic silica nanoparticles onto polyamide

membrane surfaces that experienced significantly lower organic fouling level due to the
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combined effect of higher hydrophilicity and shielding of fouling-prone carboxyl groups
[230, 234]. Intrinsic anti-microbial properties of certain nanoparticles, such as silver and
TiO,, have also led to their role in preventing biofouling [115, 235]. One potential
disadvantage of nanoparticle functionalization is the positive charge the nanoparticles
may impart on membrane surfaces [230]. The positive charge promotes deposition of
negatively charged foulants, counteracting the goal of such modification. The drawback
can be addressed by introducing zwitterionic moieties to the membrane surface.
Modification with zwitterionic polymers results in enhanced hydrophilicity, lowered
surface roughness, shielded foulant-binding sites, and steric repulsion against foulants, all
of which contribute to increased fouling resistance [237-239]. Despite the effectiveness,
the aforementioned modification approaches seem to be cumbersome to implement in
practice, particularly when dealing with delicate and complex procedures. Moreover, the
modified membranes are likely to lose their functions after prolonged operation, at which
point membrane cleaning and/or replacement is necessary. The overall consequence is
increased operational costs.

The concept of regenerating membranes is thus conceived: after membrane
performance severely deteriorates due to either fouling or frequent cleaning, the old
selective layer is removed and a new selective layer is then re-constructed. For this idea
to be feasible, it should be relatively easy to fabricate and remove the selective layer. The
pursuit of such a “regenerable” membrane has been gaining momentum recently,
especially with the surging layer-by-layer (LbL) technique. The LbL process involves
only dipping of a substrate sequentially in solutions containing polyelectrolytes of

opposite charges, which forms thin films via electrostatic and/or interactions [110]. This
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simple yet facile method makes possible the formation and the decomposition of a
selective layer that is suitable for membrane applications [116-118, 240].

Our previous studies report a new type of FO membranes based on graphene
oxide (GO), a two dimensional carbon sheet decorated with oxygenated groups [61]. GO
was used as an anionic polyelectrolyte, and the LbL method was used to assemble
multilayer films. The GO membranes showed high performance and antifouling potential.
Herein we demonstrate the regenerability of the GO membranes that, together with the

above advantages, constitute one prototype of next generation membranes.

7.3  Materials and Methods

7.3.1 Preparation of membrane support and GO membrane

The details of membrane support and GO membrane synthesis have been delineated in
Chapter 4. Briefly, a polyacrylonitrile (PAN) film was cast at 125 pm on a glass plate
from a 18% N, N-dimethylformamide (DMF) solution. After phase separation in DI water
for 10 min, the PAN membrane formed and stored in DI water before partial hydrolysis
in 1.5 M NaOH for 1.5 h at 45 °C. Upon rinsing the hydrolyzed PAN (hPAN)
thoroughly, the membrane support for making GO membranes was obtained.

The GO membrane was prepared via the LbL assembly by sequentially soaking
the hPAN support in poly(allylamine hydrochloride) (PAH) solution (1 g/L, pH 4) and
GO solution (1 g/L, pH 4) for 30 min each. The hPAN was rinsed thoroughly with DI
before soaking in the next solution. Each cycle of the mentioned process added a double

layer (DL) of PAH-GO on the hPAN support, and was repeated to a prescribed number
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(e.g., 2 DLs and 5 DLs). Note that the soaking cycle always ended with GO solution
unless stated otherwise.

7.3.2  Probing the stability of PAH/GO multilayers in QCM-D

Quartz crystal microbalance with dissipation (QCM-D) (E-4, Biolin Scientific, Linthicum
Heights, MD) was used to monitor the process of assembling and decomposing GO-PAH
multilayers. A gold crystal sensor was mounted into the QCM-D chamber, and was
successively exposed to the PAH and GO solutions used above with DI rinsing. After
reaching the prescribed number of DLs, the assembled PAH-GO multilayers were
equilibrated in DI for several hours, as reflected in the stable frequency curve. The PAH-
GO layers were then subjected to various conditions (e.g., pH 2-13, high ionic strength,
etc.) to explore their stability. Decrease in frequency indicates the deposition/swelling of
the multilayers, whereas increase the decomposition.

7.3.3 Membrane deconstruction and regeneration

Regeneration of the GO membrane consisted of two steps: the first was to remove the
PAH-GO multilayers (i.e., membrane deconstruction) that served as the selective layer,
and the second was to re-coat the PAH-GO selective layer (membrane regeneration) on
the hPAN support. To decompose the PAH-GO multilayers, the GO membranes were
soaked in 0.1 M NaOH solution (pH 13) with mild mixing induced by a stir bar. After
thoroughly rinsing with DI, the treated GO membrane was tested in a FO system and a
reverse osmosis (RO) system as per our previous studies (see Chapter 4 for details). The
performance was compared to that before the alkaline treatment to assess the removal
efficiency of the PAH-GO layers. Membrane regeneration was achieved by repeating the

synthesis process where the treated GO membrane was alternately dipped into the PAH
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and GO solutions. Again, the performance of the regenerated GO membrane was

characterized in both the FO and RO system.

7.4  Results and Discussions

7.4.1 Stability of PAH-GO multilayers

As a screening tool, QCM-D was used to probe the stability of the PAH-GO multilayers
in order to probe the possibility of the layer model. Figure 7.1(a) shows a typical 2DL
assembly on an Au sensor in QCM-D. Similar results have been reported in our previous
study [61]. The frequency decreased to ~-70 Hz for the two double layers of GO and
PAH, implying the deposition of the films. The layers were then exposed to various harsh
conditions with the purpose of removing the adsorbed layers.

Effect of pH. pH is known to impact the stability of multilayer films by altering
charges of weak polyelectrolytes. Since the assembly of multilayers is driven by the
pairing of charged/ionized polyelectrolytes, the degree of ionization directly affects the
charge density of the polyelectrolytes and thus film properties. For weak polyelectrolytes,
the ionization degree can be controlled by simply adjusting solution pH. Once the
polyelectrolytes are neutralized in the film, the electrostatic interactions, that previously
hold the multilayers together, may be too minute to keep the film intact. As a result, the
multilayers collapse. For example, many have reported the decomposition of films
containing poly(acrylic acid) (PAA) as the anionic polyelectrolyte in highly acidic
solutions [175, 241]. This is because at pH conditions much lower than its pKa, the
carboxylate groups protonate and thus the electrostatic interactions are interrupted, which

leads to the disintegration of the film.
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The pKa of PAH used in the study is ~ 9 [242], whereas GO has multiple pKa’s at
4.3, 6.6, and 9 [243]. Hence we covered a wide pH range of 2-13 in assessing the stability
of the PAH/GO layers in response to pH. As shown in Figure 7.1(b), except for at pH 13,
other pH solutions had negligible effect on the film. This is indicative of the fact that GO
may be considered a strong polyelectrolyte, along with our previous study that reported
negative charge for GO in the pH range of 2 ~ 10 [61]. The abrupt frequency and
dissipation changes imply that the pKa of PAH shifted from ~9 in solution to between 10
and 13 in the multilayer. Yet no mass loss was observed after pH 13 treatment, which
was expected to neutralize PAH and weaken the electrostatic interactions between GO
and PAH. The results demonstrate the pH resistance of the GO/PAH films in the range 2
to 13, and further suggest that there may exist stronger bonding between GO and PAH
than ionic interactions previously reported. It points to the necessity of future research on
the nature of the interactions when GO is employed as a polyelectrolyte.

Effect of ionic strength. Subsequently, the film was subjected to solutions of
extremely high ionic strengths (up to 5 M NaCl). It is well established that immersion of
polyelectrolyte multilayers in salt solutions can lead to swelling and subsequent
dissolution of the multilayers upon high concentrations [244-246]. This occurs as
excessive salt ions increase the mobility of the polyelectrolyte chains and weaken the
interactions between the polyelectrolyte pairs[244]. Due to this property, solutions with
high ionic strengths have been used to “etch” polyelectrolyte films. For example,
Heuvingh et al. observed swelling and mass loss for films made of PAH and

poly(styrenesulfonate) in NaCl solutions above 3 M [245].
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Figure 7.1 (a) 2DL of PAH and GO on a Au sensor, (b-e) treatment of the 2DL with
pH, ionic strength, polyion (PAH)+salt, pH + ionic strength, and surfactant (SDS).
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In our case, we used 1 M and 5 M NaCl solutions to “attack” the pre-formed
PAH/GO layers. Significant swelling occurred when the films were in contact with the
solutions, as indicated by the sharp frequency drops and dissipation spikes in Figure
7.1(c). Upon DI rinsing, however, the film returned to its original state with no mass loss
(i.e., no frequency change) and no change in viscoelastic properties (i.e., no dissipation
change). It was surprising to find out that the PAH/GO films could withstand such high
ionic strengths, especially considering that charge of GO nanosheets were significantly
screened at NaCl concentrations of even mM level [176]. It was due to this very reason
that no salt was added to the GO solution during synthesis of the multilayers. As such, the
charges of one component (PAH or GO) in the film were predominantly compensated
intrinsically by the other (GO or PAH), rather than extrinsically by salts. The film
prepared in such a fashion is susceptible to swelling and decomposition, when salt ions
permeate into the film to expand and plasticize the multilayers [244]. While it is
attempting to attribute the failure to remove the film to possibilities of either a higher
concentration or a stronger salt plasticizer, our experience of testing the films with
different solutions may disagree [61]. In an opposite perspective, the result reflects the
stability of the GO membranes in solutions of high ionic strengths up to 5 M NaCl.

Effect of salt and polyion. Based on the discussion above, we come to the
conclusion that using salt alone may not be enough to dissolve the GO films. We then
turn our attention to free polyelectrolyte in the presence of salt. By adjusting the
concentrations of salt and polyelectrolyte in the solutions, Kovacevic ef al. turned regular
growth of multilayers to an adsorption/dissolution process [247]. While salt ions still

serve to plasticize and mobilize the films above a critical concentration, excessive free
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polyelectrolytes then penetrate through the film and form soluble complexes with
oppositely charged polyelectrolytes in the films [247]. Both of these factors contribute to
the stripping of the multilayers [247, 248].

Figure 7.1(d) shows the impact of the combination of NaCl and PAH on the GO
film. 1 g/L PAH in 1 M NacCl solution was first introduced onto the GO layer, and an
irreversible frequency decrease was observed even after DI rinsing. As described
previously, it was anticipated that PAH would not only bind to the top GO layer, but it
would also stretch into the entire multilayer and form soluble complexes with GO with
the presence of NaCl. Instead, PAH in the coming solution only adsorbed to the GO layer
as a cationic polyelectrolyte via electrostatic interactions, since the overall frequency
change was negative after DI rinsing. Note that the frequency decrease was markedly
greater than the previous two PAH steps, because more PAH were adsorbed as the
polymer chains adopted a more coiled structure under high ionic strength. The PAH
solution with 1 M NaCl was applied again, yet no disintegration of the film occurred.
Similar observations were made when the concentration of the NaCl solution increased to
5 M, with the difference of even more pronounced swelling. The frequency finally
stabilized at the level after the adsorption of PAH in this series of experiment, which
proved the ineffectiveness of this strategy in decomposing the multilayers.

Effect of extreme pH and high ionic strength. The synergistic effect of pH and
ionic strength has been demonstrated on the stability of multilayer films [249]. As
discussed above, pH modulates the ionization degree of polyelectrolytes, whereas salt
ions mobilize the polymer segments and weaken the ionic association. Although each

factor exerts different impact on the decomposition of multilayers, the synergistic effect
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of both is the dissociation in the films. Indeed, such a combination has been used to
remove fouled polyelectrolyte multilayers for a nanofiltration membrane [250].

We probed the combining effect after the free PAH solution in the presence of
concentrated salts failed to dissemble the pre-formed layers, so an additional GO layer
was deposited before treatment with pH 13 at high ionic strengths. As Figure 7.1(e)
suggests, the film was not affected by the combination of high pH and ionic strength.

At this point, it is speculated that covalent bonding might have formed between
PAH and GO, which results in the robustness of the GO membrane. We previously
reported that epoxy functional groups exist on the basal plane of the GO nanosheets
produced. The reactive epoxy groups are susceptible to nucleophilic attack by the amine
groups from PAH, leading to the opening of the three-membered epoxide ring to relieve
the ring strain [251]. The ring-opening reaction is accompanied by the nucleophilic
substitution with an amine group on one C atom and the formation of a hydroxyl group
on the other. In the perspective of membrane deconstruction and regeneration, the newly
formed covalent bond (C—N) between PAH and GO is undesirable. Yet it enhances the
stability of the GO-PAH layers, as evidenced by the full restoration after exposing to
various harsh conditions (Figure 7.1). Different from the common amide bond seen in
TFC membranes, the C—N bond may be immune to chlorine attack, which may improve
the chlorine resistance of the GO membrane.

7.4.2 Membrane deconstruction and regeneration: experimental observations
Let us continue the discussion with the observation that the performance of the 2 DL GO
membrane deteriorated significantly after soaking in 0.1 M NaOH solution (pH 13). The

water flux for the as-prepared 2DL was 25.9 1/m*-h (LMH) in FO mode and 25.0 LMH
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PRO mode, tested under conditions delineated above. After immersing in the pH 13
solution with mild mixing for 1 hour, the water flux decreased to 15.6 LMH (FO) and 5.7
LMH (PRO), respectively (Figure 7.2). The decreases were accompanied with
considerable increases of solute flux, indicating that the selective layer, the GO-PAH
layers, was compromised—either being peeled off in a layer-by-layer fashion or being
removed block by block (as will be proved by permeability tests in RO). The
performance deterioration worsened after further soaking the treated membrane
overnight. The water decreased to 6.2 (FO) and 11.6 (PRO) LMH, whereas the solute
flux increased to 12.0 (FO) and 9.2 (PRO) mol/m*-h (MMH). This rough trend suggests
that the removal of the GO selective layer proceeded in a relatively slow manner (kinetics
at the scale of hours).

The synthesis process was repeated on the treated membrane to regenerate
another 2 bilayers of PAH and GO at this point. After testing with the same conditions,
the regenerated membrane recovered its water flux and solute flux to the original levels
(Figure 7.2). The high recovery implies that two bilayers of PAH and GO were
successfully re-assembled on the treated GO membrane. Despite the favorable outcome
for regeneration, the membrane “decomposition” mechanism is still at large. It is possible
that, upon pH 13 treatment, (1) the interactions between the hPAN support and the GO-
PAH layers weaken so that the selective layer comes off in blocks of GO-PAH (block
model); or (2) the interactions between each GO and PAH layers weaken so that the
selective layer comes off in single layers of GO or PAH gradually (layer model). As
demonstrated previously, the GO-PAH layers were stable after the treatment at pH 13,

and thus the layer model was ruled out. To confirm that the decomposition was due to the
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complete removal of the GO-PAH layer as an entirety, further experiments were

conducted and are discussed below.
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Chapter 8: Conclusions and Future Work

8.1 Conclusions
This Ph.D. study focused on the application of graphene oxide (GO) to develop high
performance membranes for water purification. The GO nanosheets contain an
unoxidized graphene surface, which allows water to flow with no friction. Other
properties of GO, such as hydrophilicity and functionality, are also intriguing particularly
for membrane applications. The goal of the dissertation, therefore, was to translate the
unique and promising characteristics of GO to next generation membranes for sustainable
water purification.

Two layer-by-layer (LbL) approaches were introduced based on the properties of
GO for the synthesis of the GO membranes. One method involves the chemical reactively
of the functional groups of GO, which were cross-linked for the buildup of the GO layers.
The other was based on the charge of the functional groups of GO, which enabled the
deposition of GO layers via electrostatic interactions along with a partnering cationic
polyelectrolyte. Both types of GO membranes were tested and compared against
commercial membranes, and characterized with various techniques to understand the
transport mechanisms. As an integral part of any membrane process, membrane fouling
was investigated for the GO membranes in order to assess the possibility of using GO to
control membrane fouling. Two model foulants, namely bovine serum albumin and
alginate, were used in the fouling studies to unveil the fouling mechanisms for the GO
membranes. Finally, a strategy was developed for the regeneration of the GO membranes
upon severe fouling or dramatic performance loss.

Major findings from the dissertation are listed below:
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The characterizations herein confirm that GO is a single layer carbon lattice with
various oxygenation functional groups. The GO used in this study was prepared
using the modified Hummers’ method, and the heights of GO nanosheets were in
the range of 1-2 nm, indicating the GO nanosheets contained either single or
double layers of carbon lattice. The XPS data show that about 60% of carbon was
not oxidized, 32% had C—O bond (representing hydroxyl and epoxide groups),
and 7% had COOH bond.

Exploiting the reactivity of the functional groups, GO nanosheets were deposited
alternately with the crosslinking by 7,3,5-benzenetricarbonyl trichloride. These
procedures led to a new type of nanofiltration (NF) membrane for using GO
nanosheets such that water can flow through the nanochannels between GO layers
while unwanted solutes are rejected by size exclusion and charge effects. As such,
the GO membrane presented a high rejection (93—95%) of Rhodamine-WT (MW
567 Da), although it exhibited a relatively low rejection (6—46%) of monovalent
and divalent salts and a moderate rejection (46—66%) of Methylene blue (MW
320 Da). More importantly, the GO membrane outperformed commercial NF
membranes by a factor of 4—10 times.

GO nanosheets become negatively charged upon ionization, which makes
possible the layer-by-layer (LbL) assembly with a cationic polyelectrolyte. Thus,
a GO-based forward osmosis (FO) was synthesized by the LbL assembly of GO
and poly(allylamine hydrochloride) (PAH) as the partnering polyelectrolyte via
electrostatic interactions. Quartz crystal microbalance-dissipation (QCM-D)

results showed that each GO-PAH bilayer in the membrane is around 16.5 nm
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thick and dominated by GO (mass of GO is 2—5 times higher than that of PAH),
indicating multiple layers of GO nanosheets exist in each bilayer. Water
permeability of the GO membrane was found to be about one order of magnitude
higher than that of a commercial FO membrane. The solute flux of the GO
membrane for sucrose (as a representative uncharged species) was much lower
than that for an ionic species, most likely due to the swelling of the GO-PAH
bilayers in ionic solutions. The GO membrane can be well suited for applications
such as FO-based emergency water purification using sugary draw solutions and
water treatment not requiring high ionic strength.

By characterizing the transport rates of both water and solutes through the GO
membrane assembled via electrostatic interactions, it was found that water
traveled at a velocity of 4.8x10™* m/s under a 1-atm transmembrane pressure,
while solute diffusion was impeded by up to 5 orders of magnitude. The water
transport speed was two orders of magnitude higher than the velocity (8.4x107
m/s) of water flowing between two hypothetical parallel plates, owing to the
frictionless graphene surface on GO. It implies that the PAH molecules most
likely to have connected GO on their edges, leaving the graphene surface largely
uncovered. This edge-connection also created negative charge-dominant transport
paths that imposed a hindering effect on solute transport.

GO was employed to control fouling in pressure retarded osmosis (PRO)
processes. By introducing an anti-fouling GO layer at the back the support layer,
foulants were blocked on the surface and easily removed to restore membrane

performance by physical cleaning. The experiments show that the control
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membrane (without such a GO layer) saw flux decreases of ~30% after BSA
fouling in PRO mode, whereas the GO membrane (with the GO layer) only
reported negligible (less than 10%) flux reduction. With the worse alginate
fouling, the flux dropped by ~50% for the control membrane in comparison to 0%
(without Ca2+) or 30% (with Ca®") for the GO membrane. Moreover, physical
cleaning by increasing the cross-flow velocity almost fully restored the flux for
the GO membrane in both fouling cases, yet had minimal impact on recovering
the flux for the control membrane. Despite the higher affinity of the GO layer, the
barrier strategy proved to be effective at controlling PRO fouling due to the
relocation of foulants and diminished possibility of bridging between membranes
and foulants.

The regeneration of the GO membrane was accomplished by first soaking in a pH
13 solution and then repeating the LbL synthesis process. The regeneration
procedures were capable of fully restoring the performance of the GO membrane.
Upon close examining the membrane deconstruction mechanisms, it was found
that the GO-PAH multilayers were exceptionally stable, likely due to the ring-
opening reaction of the epoxide groups on the GO sheets. The covalent bond may
impart the GO membranes with resistance to various harsh conditions that would
decompose multilayers of regular polyelectrolytes built using the LbL method.
With the strong GO-PAH layers, the membrane deconstruction was ascribed to
the diminished electrostatic interactions between the carboxylate groups on the
substrate and the neutral amine groups of PAH, leading to the peeling off of

blocks of GO-PAH layer composite.
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To summarize, the dissertation research provided first-ever experimental proof
that GO can be used to develop high performance membranes for water purification. The
LbL method may prove facile and sustainable for large-scale employment of the GO
membranes. The high water flow velocity and hindered solute transport were found to be
unique of GO due in large to the graphene surface, implying that highly tunable GO
membranes could be designed by maintaining the graphene surface in the transport
pathways while narrowing the inter-layer spacing. In addition, GO was successfully used
to control fouling for PRO, thanks to its ability to block foulants from fouling the support
interior and its diminished interactions with the foulants. Finally, the addition of
membrane regeneration makes the GO membrane a prototype for the next generation

membrane for water purification.

8.2 Future Work

While the study serves as a tip-of-the-iceberg effort in developing high performance GO

membranes for water purification, much more work needs to be done to unleash the full

potential of GO in this regard. Listed below are some follow-up research in the
immediate future.

(1) Chlorine resistance of the GO membrane. As discussed in the dissertation, a ring-
opening reaction may have occurred between PAH and the epoxide groups of GO
during membrane synthesis, besides the electrostatic interactions between PAH
and GO. The covalent C—N bond may be immune to chlorine attack, thus impart
the GO membrane with chlorine resistance. This property is highly sought after,

since traditional thin-film composite (e.g., polyamide) membranes are prone to
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degradation by active chlorine species produced from agents used to deter and
remove biofouling [10]. The task can be completed with a new support, such as
sulfonated polysulfone, for the GO-PAH multilayers.

Improving GO membrane performance by tuning inter-layer spacing. This can be
achieved by using smaller partnering polyelectrolytes or crosslinkers to synthesize
GO layers. For example, diamine may connect GO nanosheets based on the
nucleophilic substitution reaction. Alternatively, GO nanosheets can be
functionalized with positively charged functional groups (Figure 8.1(b)), e.g.,
with —NH, groups [104], before the LbL process of negatively and positively
charged GO.

Creating nanotube-like GO membranes. Based on the findings from Chapter 5,
the existence of the graphene surface on GO not only exhibits ultrafast water flow
but also impedes solute transport. Thus it is desirable to expose only the graphene
surface for the flow pathways, creating nanotube-like GO membranes. Three
strategies may be employed for this purpose. The most ambitious one is to
vertically align GO nanosheets, the other two are to alter the shape of GO (e.g.,
from 2-D sheet to 3-D spheres [176] exposing the hydrophobic graphene surface)
and to increase the porosity of GO sheets (e.g., by controlling oxidation degree
during GO preparation) (Figure 8.1(c)). For the ultimate membrane performance,
a continuous single-layer GO membrane may be obtained by Langmuir-Blodgett
assembly [252] or interfacial reaction [253]. Note that Lockheed Martin

Corporation has been investigating nanoporous graphene fabricated by chemical
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vapor deposition for desalination. Yet it remains an obstacle to scale-up due to the

restrictions of the synthesis method.

(c) Membrane consisting of only GO sheets

Figure 8.1 (a) Original GO sheet, (b) positively charged GO sheet via
functionalization, and (¢) GO membrane made of GO sheets only, the porosity of
which can be manipulated, for example, by controlling oxidation degree during GO

synthesis process.

(4) Adsorptive and catalytic GO membranes. Due to the unique properties of GO, GO
membranes may be rendered highly adsorptive and catalytic for specific
applications. For example, our lab has initiated research on the removal of
emerging contaminants by adsorption onto the GO membranes. Moreover, it has
been recently reported that suspended GO may undergo photodegradation and
decompose in water [254]. It would be interesting to find out how the anchoring
by PAH may affect the (in)stability of the GO membrane and impact its

adsorptive and catalytic performance.
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