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ABSTRACT OF DISSERTATION

SYNTHESIS, CHARACTERIZATION AND APPLICATIONS OF REDUCED
GRAPHENE OXIDE AND COMPOSITE MEMBRANES FOR SELECTIVE
SEPARATIONS AND REMOVAL OF ORGANIC CONTAMINANTS

Among the next generation materials being investigated for membrane
development, partially reduced Graphene Oxide (rGO) has received increasing attention
from the membrane community. rGO-based nanofiltration membranes have shown
promising results in applications such as partial desalination, organic contaminant removal,
gas-phase separations, and separations from solvent media. rGO offers a unique platform
compared to common polymeric membranes since it can be used for separation
applications in both aqueous and organic solvent media. An rGO-based platform could also
be utilized to synthesize reactive membranes, giving rGO membranes the additional
capability of reactively removing organic contaminants. This research focuses on the
synthesis of rGO and nanocomposite membranes for applications including the separation
of high-value phenolic compounds from a solvent-water mixture, removal of organic
contaminants, and treatment of refinery wastewater.
First, the behavior of a rGO membrane in water and isopropanol was investigated
along with its ability to separate high-value, lignin-derived oligomeric compounds from a
solvent-water mixture. This study revealed the formation of stable sorbates of water in the
GO channels that resulted in declined membrane permeance and improved size-exclusion
cutoff. Through controlled reduction of GO by heat treatment, it was demonstrated that
physicochemical properties of the GO membrane could be modulated and separation
performance tuned based on the extent of reduction. A varying degree of interlayer spacing
was attained between the GO laminates by controlling the O/C ratio of GO. This allowed

the rGO membrane to achieve tunable molecular separation of lignin-derived model
oligomeric compounds from a solvent-water mixture.
Second, the mechanism of ionic transport through the rGO membrane was studied
as well as its application in partial desalination and removal of persistent organic
contaminants from water. Through comprehensive experimental investigations and
mathematical analysis, along with the aid of the extended Nernst Planck equation, the
impacts of steric hindrance and charge interactions on the underlying ion transport
mechanism were quantified. Charge interactions were observed to be the dominant
exclusion mechanism for the rGO membranes. The application of rGO membranes for
treatment of high TDS produced water was investigated with the goal of partial hardness
and dissolved oil removal. In addition, this study demonstrated the removal of emerging
organic contaminants, specifically perfluorooctanoic acid, by rGO membranes and
elucidated a charge interaction-dominated exclusion mechanism for this contaminant, as
well.
Finally, rGO-based and microporous polyvinylidene fluoride (PVDF)-based
catalytic membrane platforms were synthesized for removal of organic contaminants via
an oxidative pathway. Herein, an advanced oxidation process was integrated with
membrane technology by the in-situ synthesis of Fe-based nanoparticles. The unique
capability to oxidatively remove contaminants in a continuous mode of operation was
explored in addition to the separation performance of the membrane. The rGO-based
platform achieved high oxidative removal of trichloroethylene via a sulfate-free, radicalmediated pathway, while simultaneously removing humic acids from water and potentially
eliminating undesired side reactions. A PVDF-based microporous catalytic membrane
platform was shown to effectively remove organic impurities, such as Naphthenic acids,
from high TDS produced water by the same pathway. The enhancement of reaction extent
for elevated temperatures and longer residence times was also quantified in this study.
These studies benefit the membrane community in the following ways: 1) The work
identifies the critical role of the physicochemical properties of GO, such as the O/C ratio
and water sorption, for determining the permeability-selectivity of rGO membranes for

solvent nanofiltration. 2) Investigations of ion transport through rGO membranes led to an
understanding of a charge-dominated separation mechanism for ion retention. The NernstPlanck equation-based approach employed in this study would enable further assessment
and comparison of rGO membranes under a wide set of parameters. 3) Catalytic membrane
platforms (rGO and microporous PVDF-based) were synthesized for conducting advanced
oxidation reactions in the porous membrane domain, demonstrating potential applications
in environmental remediation of organic contaminants.
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Chapter 1 Introduction and Background
1.1

MOTIVATION
Membrane-based separation technology has played a vital role in addressing

emerging challenges in water purification, such as seawater desalination and removal of
micropollutants [1–5]. The capability to separate a wide range of solutes from water and
organic solvent media, under a pressure gradient and typically without any aid of chemicals
or heat, has made membrane technology widely acceptable. Among the research frontiers
in the field of membrane sciences, new materials are being sought for improved separation
performance (selectivity) and stability [5]. There is a great impetus for the development of
membrane platform, which could be used in a range of solvents media, as it brings in
versatility, serving some key applications in pharmaceuticals and other industries [6].
Conventional polymeric membranes typically have lower permeability for solvents
compared to water, and the stability of these membranes can also be a limiting factor
depending on the similarities in solubility parameters. Inorganic membranes could retain
smaller organics and withstand harsh conditions; however, are limited by lower
permeability and processability [7]. Recently, with a growing interest in membrane
community in using 2D materials for membrane synthesis for improved performance, the
use of Graphene Oxide (GO) as a membrane material is being explored [8–10]. Owing to
the stability of GO-laminates in a wide range of solvents, a size exclusion cutoff of 1.2 nm,
high tunability, and opportunity to functionalize, GO has shown promising results in
organic solvent nanofiltration [10–14]. Permeation properties of the membrane depend on
the interactions of solvent molecules with the functionalities on the membrane.
Thermodynamic simulations performed by Korobov et. al. suggests the different extent of
intercalation of various solvent molecules in GO nanochannels [15]. Due to these
differences in interactions, it may not be possible to predict the performance of GO
membranes with organic solvents from their performance with aqueous solutions. This
research explores the behavior of GO membranes in water and polar solvent media. A
critical role of water sorption on GO sheets in determining the permeability of organic
solvents through the membrane was elucidated in this study.
1

In this dissertation, the application of GO membranes in the fractionation of ligninderived oligomers from the solvent-water mixture was investigated. Lignocellulosic
materials, the most abundant biopolymers, serve as a valuable source of energy and other
value-added chemicals [16,17]. Refining lignins remains a subject of considerable research
interest, which involves milestones such as efficient depolymerization, homogeneous
deconstruction of lignins with products of narrower molecular weight distribution, and
separation of products [18]. Use of Organic Solvent Nanofiltration (OSN) membranes
provides a non-thermal approach for the separation of organic molecules from solvents [6].
Sultan et al. demonstrated the fractionation of lignin-derived oligomeric compounds using
a cascade of OSN membranes with different molecular weight cutoff [19]. However, better
selectivity (sharp molecular weight cutoff), higher permeance, and long term stability of
OSN membranes are essential for efficient application of OSN technology for separation
of crucial components. In this study, the use of rGO membranes to selective separations of
model lignin oligomeric compounds was investigated. The main aim of the study was to
understand the rejection behavior of rGO membranes by modulating oxygen to carbon
(O/C) ratio of GO, towards the separation of model phenolic dimers and trimers. This
understanding would facilitate the application of rGO membranes for separation and
recovery of high-value lignin-derived oligomeric compounds.
The use of GO-based membranes is also being extensively investigated for partial
desalination of water [20–22]. Nanoporous domain formed by stacking sheets of GO is
negatively charged and shows moderate retention of salts. Recently, the functionalization
of GO has gained attention for tuning salt retention [23]. Spacing between the deposited
sheets of GO (or effective pore size of the membrane) can be modulated by confining sheets
using a cross-linking agent or by controlling the O/C ratio of GO [21,24]. By confining the
interlayer spacing of GO to less than 1 nm, one could approach the hydration radius of
ions, which leads to significantly higher steric hindrance and a greater extent of salt
retention [25]. Another approach which has received considerable interest is by
incorporating charged polyelectrolytes in the GO domain. By incorporating positively
charged polymers, such as polyalylhydrochloride, or negatively charged polymers, such as
polyacrylic acid, selectivity of the membrane could be tuned for retaining salts and charged
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solutes [26]. Although these approaches lead to enhanced desalination performance, the
underlying exclusion mechanism varies a lot, ranging from one dominated by charge
exclusion to one by steric hindrance. The understanding ion transport mechanism is critical
as a response of the membrane performance can vary significantly to feed and operating
conditions depending on the mechanism [27]. Therefore, in this study, extensive
investigations were conducted to quantify salt retention performance under a wide range
of conditions, and a mathematical model based on extended Nernst Plank equation was
used to understand the mechanism.
In addition to separation capabilities, a membrane-based platform also offers the
opportunity to incorporate catalytic or reactive materials in the membrane pores [28]. This
enables various remediation processes, such as enzymatic and advanced oxidation, in a
continuous mode in addition to the separation performance of the membranes [29,30]. One
of the popular choices as a substrate membrane for immobilization of catalyst is
polyvinylidene fluoride (PVDF) based microfiltration membranes because of its relatively
wider pore size distribution as compared to the other types of membranes. Another suitable
candidate for catalyst immobilization is graphene oxide (GO) based membranes because
of its robustness and ability to separate solutes in the range of nanometers (typically 1.2
nm). The capability of GO membranes to separate large Organics (>1.2 nm) is an important
factor distinguishing it from the functionalized microfiltration membranes (typical pore
size around 20 nm). Catalytic membrane platforms also avail with additional benefits of
improved mass transfer coefficient by convectively driving reactants in the membrane
pores. In this dissertation, rGO based nanofiltration membranes and polymeric
microfiltration (PVDF) membranes were functionalized with reactive iron nanoparticles to
conduct oxidative removal of trace organic contaminants from water [31].
One key application addressed in this dissertation concerns the treatment of
produced water from the energy industry. Produce water stream is typically generated
during the extraction and treatment of crude oil [32]. This water stream is known for its
high dissolved salts content (TDS, 5,000-200,000 mg/l) along with the presence of organic
impurities. Removal of salts from such high TDS water streams is highly energy-intensive
and the use of reverse osmosis is not an optimal solution owing to high osmotic pressures
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[33]. Therefore, one would desire a safe discharge of such water streams after removing
organic contaminants. Use of graphene oxide-based and commercial polymeric
nanofiltration membrane could be effectively employed for removal of organic
contaminants, as high removal of organic contaminants could be achieved, and
contaminated feeds can be concentrated by several folds with minimal salt retention, and
enables operation at lower transmembrane pressures. The concentrated stream (or
retentate) with organic contaminants generated after nanofiltration can be further treated
for complete removal of organic contaminants through chemical-based remediation
strategies, such as advanced oxidation reactions, improving the efficiency of the overall
process. In this dissertation, a commercial microporous membrane functionalized with
nanoparticles was used to conduct a persulfate mediated advanced oxidation reaction for
the removal of organic contaminants. A hybrid process of reactive microporous and
commercial nanofiltration membranes was proposed for produce water treatment [34].
1.2

BACKGROUND

1.2.1 Graphene Oxide
Graphene oxide is an atomically thick sheet primarily composed of carbon having
a lateral dimension of up to few microns [35]. Basal plane or sheet of GO contains domains
of sp2 hybridized carbon atoms arranged in a honeycomb structure along with the presence
of sp3 hybridized carbon atoms containing oxygenated functionalities. The presence of
oxygen-containing functionalities, such as carboxyl, carbonyl, epoxy, and hydroxyl, makes
this material hygroscopic and dispersible in water (schematically represented in Figure 1-1)
[36]. GO is a non-stoichiometric micro-molecule which does not occur naturally. GO is
commonly synthesized from the oxidation of graphitic precursor by its treatment with
strong oxidation and the process of synthesis is popularly known as Hummer’s process.
GO is known to the community since its first synthesis by British Chemist, B. C. Brodie in
1859, however, it recently received extensive attention, as a precursor for the synthesis of
atomically thin Graphene, after the first successful demonstration of the quantum hall effect
in Graphene by the noble laureate Andre Geim [37].
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Since the past couple of years, GO is extensively researched by the membrane
community as a next-generation material for membranes [38]. GO membranes are
synthesized on a porous substrate by assembling several GO sheets [39]. A nano-porous
network for the transport of solutes is formed in the domain of deposited GO sheets,
schematically represented in Figure 1-1. This nano-porous network is negatively charged
due to the presence of carboxylate groups of GO. Interlayer spacing between the deposited
sheets acts as a primary route for the transport across the GO domain, adding to the
capabilities of the membranes to perform separation in a loose nanofiltration regime, with
a size-exclusion cutoff of 1.2 nm [8]. The nano-porous structure has highly tunable
physiochemical properties, providing opportunities to modulate charge and spacing
between the sheets, by incorporation of polyelectrolytes and other nanofillers [8]. The
uniqueness of GO membrane platform also lies in its applicability in a wide range of

Figure 1-1: Schematic representation of a) Membrane processes for water purification
(adapted by permission from Nature Review Materials, Werber et al., 2016) b) structure
of Graphene Oxide membranes and c) Graphene Oxide (adapted with permission from
RSC Adv. Nasrollahzadeh et al., 2015).
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separation processes, ranging from partial desalination to water and solvent purification to
gas phase separation and has attracted considerable attention of the membrane community
[40].

1.2.2 Distinguishing features of reduced Graphene Oxide membranes
Deposition of GO on top of a porous substrate or in a polymer matrix has resulted
in improved membrane performance, such as water permeance, antifouling, and
antimicrobial properties, solvent resistance, thermal and mechanical stability [41,42].
Thermal and solvent-resistance of GO membranes has enabled them to work in some
instances, such as solvent-based separations and fluids at elevated temperatures, where the
application of the polymeric membranes is limited due to stability of membrane structure
[43]. Additionally, ease of synthesis of GO membranes using commercially scalable
technologies, such as spray coating, vacuum filtration, and doctor blade, has given these
membranes an edge over the polymeric membranes [20,44,45]. Furthermore, nanoscale
dimensions of the corridor for the flow of fluid in GO membranes result in a slip of fluids
at the interface, leading to higher permeation rates compared to predictions from Hagen
Poiseuille equation [46]. Fast water transport, ease of synthesis, separations on nanoscale
(size), mechanical, thermal and solvent resistance are some of the advantages that have
increased appeal of this material for next-generation membranes. Following are some of
the distinguishing features of GO membranes:
1.2.2.1

Tunable physiochemical properties

Graphene oxide-based platforms is highly tunable in terms of its physicochemical
properties, such as hydrophobicity/hydrophilicity, charge, and interlayer spacing [21,24].
These features are critical to the membrane’s performance, as it affects permeation of water
and partitioning of solutes based on its solubility parameters, steric factors and charge, and
thus governs permeability-selectivity of the membrane [47]. The hydrophilicity of the
membrane could be tuned by modulating the O/C ratio via controlled reduction [24]. Loss
of the oxygen-containing functionalities makes the GO-membrane surface hydrophobic.
Carboxylic functionalities on the basal plane of GO gives a negative charge near a neutral
pH owing to its deprotonation, which is vital for retention of charged solutes by the
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membrane. The density of the carboxylic functionalities on the GO basal plane could be
controlled via the extent of oxidation, and a tunable ionic transport could be achieved [47].
Furthermore, carboxylate functionalities could be further reacted to incorporate other
functionalities, such as amines, to make the domain positively charged, and utilize a charge
based exclusion mechanism in gaining selectivity for the retention of charge compounds
[48]. Reduction of GO results in a loss of oxygen-containing functionalities, which
partially restores the sp2 domain on GO [35]. It improves pi-pi stacking of the deposited
GO sheets and lowers the interlayer spacing, which, in turn, improves the selectivity of the
membrane [35].
1.2.2.2 Fast water transport of water
Nano-capillaries present in the porous GO domain provides a pathway for an
unimpeded flow of water [49]. GO sheets have domains of hydrophobic-sp2 hybridized
(graphitic) carbons and hydrophilic-sp3 hybridized carbons [35]. It is proposed that 2D
capillaries in the hydrophobic domains of GO is filled with an ordered monolayer of water,
and the flow across the channel through the domain is driven by the capillary pressure [50].
Flow enhancement is believed to occur owing to the slip of water at the interface in the
confined nano-capillaries between GO sheets [46]. In a molecular dynamics study by Wei
et al., the authors reported a flow enhancement factor of 1657 through the graphitic domain
of GO for an interlayer spacing of 1 nm [51]. The unimpeded flow through nano-capillaries
and slip at the interfaces in the graphitic domain of the GO translates into higher water
permeance, promising energy-efficient separations.
1.2.2.3

Ease of synthesis

Traditional commercial nanofiltration membranes are being synthesized by the
process of phase inversion or interfacial polymerization, which involves the use of organic
solvents. The process necessitates safe disposal of solvents [52]. GO being highly
dispersible in water, allows its processing in aqueous solutions. The high aspect ratio of
the GO sheets permits easy assembly of GO sheets parallel to the surface of the substrate.
The use of the existing scalable approaches, such as gravure printing and spray coating GO
on the substrate, has been successfully demonstrated [11,20]. High dispersibility in water
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enables the synthesis of the membranes in an eco-friendly manner with the potential for an
easy scale-up.

1.2.3 Coating techniques employed for depositing a thin film of Graphene Oxide
Synthesis of GO membranes involves coating GO sheets on a porous substrate until
a defect-free laminar structure is obtained. The substrate is typically used to impart stability
to the GO laminates to withstand the normal stress exerted by the pressurized feed solution.
Techniques, such as pressure-assisted filtration, spray coating, and vacuum filtration, are
effectively employed for the synthesis of GO membranes (Figure 1-2) [46,53]. These
techniques involve filtration of aqueous GO solution through the substrate, which results
in the deposition of GO laminates. A precise loading of GO could be achieved using these
techniques by controlling the amount of GO solution filtered through a specific area of the
substrate. All though, these techniques enable the synthesis of GO membranes with a
precise thickness, scale-up of these techniques for membrane synthesis still remains a
challenge.
Commercially scalable techniques, such as shear assisted coating using gravure
printer and spray coating, are also effectively employed in the synthesis of GO membranes.
Shear assisted coating processes are reported to yield better performance of the GO
membranes. GO forms nematic liquid crystals beyond a critical concentration in highly
polar solvents, such as water, owing to the high aspect ratio of GO sheets [54]. The liquid
crystals of the GO phase can be aligned on a substrate under shear to get highly ordered
nanoporous laminates. GO membranes with ordered nanoporous structure synthesized
utilizing this principle have shown better performance in terms of permeability-selectivity
trade-off, compared to the one synthesized using vacuum filtration [20]. Utilization of
shear assisted technique also enables GO membrane synthesis on the existing commercial
roll-to-roll processing facilities.
GO membranes can also be synthesized using a layer by layer assembly approach.
The use of this approach for the synthesis of the membrane enables incorporation of
functional polymers in GO laminates and thus allows tuning its separation performance
[55]. Inkjet printers could be used for depositing GO laminates on the substrate. Fathizadeh
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et al. demonstrated that GO membranes synthesized by inkjet printers are capable of
retaining neutral and charged solutes with a size cut off up to 1.2 nanometers [56]. Electric
field assisted deposition of GO sheets is another approach that has proven beneficial in
imparting stability to the GO membranes. Wang et al. synthesized nanocomposite GOPolyethylene amine membranes on polyacrylonitrile substrate using an electric fieldassisted layer by layer assembly approach, which yielded membranes with pure water
permeability of 60-80 LMH/bar, moderate to high salt retention. Use of electric field for
depositing GO-polymer composite was found to significantly enhance the limits of shear
stability of the membrane [57].
GO membranes, thus, are being synthesized by a wide range of methods with some
having potential for scale-up with the existing roll to roll membrane processing facilities.
The excellent performance of these membranes in the regime of loose nanofiltration is
reported [20]. Even though, GO films can be deposited on porous substrates using a

Figure 1-2: Coating of Graphene Oxide on substrate. a) Pressure assisted filtration
(adapted with permission from Carbon, Hung et al., 2014), b) Spray Coating (adapted
with permission from Nanoscale, Casaluci et al., 2016), c) Spin coating, d) LBL
assembly by electric field (adapted with permission from Journal of Membrane
Science, Wang et al., 2016), e and f) shear assisted coating by Gravure printer (adapted
with permission from Nature Communications, Akbari et al, 2017).
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scalable process, development in the techniques for depositing ultrathin films without
pinhole or other micro-structural defects is critical. One would desire to have an ultrathin
defect-free GO laminate on the substrate to minimize the resistance for the transport of
solvent through the membrane. However, the intrinsic roughness of the substrates
necessitates a critical thickness of the laminates to ensure a defect-free coating [20]. GO
membranes after synthesis are typically subjected to reduction treatment to improve
stability and performance. Currently, the use of thermal, light, or chemical treatment is a
popular choice for reduction. However, efforts need to be directed towards an efficient
reduction treatment with a quantitative analysis of its impact on membrane performance.
Reduction of GO without using toxic chemicals and by minimizing defect formation is
vital for large scale synthesis of high performance GO-based loose nanofiltration
membranes.

1.2.4 Reduction of the Graphene Oxide film
Reduction of GO, in essence, is the process resulting in partial restoration of sp2
domain due to removal of oxygen-containing functionalities, such as hydroxyl, epoxy,
carbonyl and carboxyl, present on the basal plane of GO [58,59]. In various studies, it is
suggested that these functionalities are present in clusters, mostly along the edges and
defects present on the basal plane of GO[60]; however, exact structure is still subject of
debate due to its amorphous nature [61]. Among these functionalities, carbonyl groups are
reported most stable and are difficult to remove. Various techniques, such as thermal and
chemical reduction are reported successful in the partial reduction of GO [62]. In thermal
incubation study conducted by Yang et al., a decrease in relative intensity of carboxyl and
epoxy functionalities was observed along with complete removal of hydroxyl
functionalities after thermal treatment of GO at 200 OC under argon environment for 6
hours [62]. GO can also be reduced using chemical reducing agents, such as Hydrazine
vapor [63], Hydroiodic acid vapor [24], NaBH4 (aq. sol) [64] and Ascorbic acid (aq. sol)
[65]. In chemical reduction, reduction occurs potentially due to ring opening of epoxy
linkage via electron transfer reaction, converting epoxy functionalities to hydroxyl.
Hydroxyl functionalities on the basal planes are then removed during thermal treatment at
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moderately elevated temperatures [62]. However, carbonyl functionalities are found stable
during these treatments.
The reduction of GO is highly beneficial to the performance of the membranes [24].
With the reduction of GO, sp2 hybridized domain is partially restored and results in higher
hydrophobicity and enhanced pi-pi interactions between GO sheets. Owing to these
changes in the basal plane of GO, limits of shear stability of the GO laminates in aqueous
media has found to improve up to 1.7 Pa, which is very important considering the shear
stress witnessed by membranes in modules operated in cross-flow conditions [11,66].
Furthermore, interlayer spacing of GO decreases due to an increase in pi-pi interaction,
resulting in improved salt exclusion performance of GO membranes [67]. Abraham et al.
demonstrated that activation energy barrier for transport divalent ions through GO
membranes, associated with dehydration of ions, can be selectively enhanced as compared
to monovalent ions by confining the interlayer spacing of nanochannels to <0.9 nm,
resulting in the exclusion of divalent ions [21]. By controlling the reduction degree of GO
membranes, 71.2 % MgSO4 removal has been achieved with a DI water permeability of
5.3 LMH/bar [68]. The sieving of neutral molecules by GO is also improved after
reduction owing to the decrease in interlayer spacing. Thus, the reduction of GO benefits
the performance in terms of improved stability and selectivity of the membranes.
1.2.5

Structural Integrity of reduced Graphene Oxide membranes
In a commercial scale nanofiltration based water treatment application, membranes

are wrapped in a spiral wound module, where membrane surface experiences shear stress
ranging from 0.5 Pa to 4 Pa [69]. The membranes should withstand these shear conditions
for a stable performance. These shear conditions could be a limiting factor for the
application of GO membranes in commercial modules [70]. GO being hydrophilic, is
readily dispersible in water. As a result, this material can be readily dislodged from the
substrate under shear stress, and dislodging GO off the substrate will adversely affect the
separation performance.
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Forces interacting between two adjacent sheets of GO in the membranes are Van
der Walls attraction forces and electric double layer repulsion forces, which can be
estimated by Equations 1-1 and 1-2 [71].
−𝐴𝐴

…Equation 1-1

𝜙𝜙𝑝𝑝,𝑉𝑉𝑉𝑉𝑉𝑉 = 12𝜋𝜋ℎ2

Where, A and h are Hamaker constant and interlayer spacing between deposited

GO sheets.
𝐾𝐾𝐾𝐾 2

…Equation 1-2

𝜙𝜙𝑝𝑝,𝐸𝐸𝐸𝐸𝐸𝐸 = 32𝜀𝜀0 𝜀𝜀𝑟𝑟 𝑘𝑘𝛾𝛾1 𝛾𝛾2 � 𝜐𝜐𝜐𝜐 � 𝑒𝑒𝑒𝑒𝑒𝑒(−𝑘𝑘ℎ)
𝜐𝜐𝜐𝜐𝜓𝜓

Where, 𝛾𝛾𝑖𝑖 = tanh( 4𝑘𝑘𝑘𝑘𝑖𝑖 ), εo, εr, 𝜓𝜓𝑖𝑖 , k, 𝜐𝜐, e, and K are permittivity of vacuum,

relative permittivity of solution, surface potential, Debye length, valence of electrolyte,
electron charge and Boltzman constant, respectively.

Total interaction energy per unit area between adjacent sheets of GO deposited in
the membrane is the sum of two forces, as represented by Equation 1-3.
…Equation 1-3

𝜙𝜙𝑝𝑝,𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = 𝜙𝜙𝑝𝑝,𝑉𝑉𝑉𝑉𝑉𝑉 + 𝜙𝜙𝑝𝑝,𝐸𝐸𝐸𝐸𝐸𝐸

Van der wall forces responsible for holding the sheets together are directly

proportional to the Hamaker constant and inversely proportional to the square of distance
between the sheets. Values of Hamaker constant for H2O-Graphene (1.8*10-20) is higher
than H20-Graphene Oxide (0.62*10-20) [71],[72]. Thus, one would expect higher Van der
Wall interaction forces between the adjacent sheets for more graphitic material compared
to graphene oxide. Therefore, a strategy based on reduction of GO is usually employed to
improve the limits of shear stability of GO-based membranes [11]. Interlayer spacing
decreases significantly from 1.2 nm to less than 0.6 nm on increasing the extent of
reduction of GO [68]. Lower interlayer spacing contributes towards higher attraction forces
and enhanced stability of this material. Furthermore, strategies based on cross-linking of
GO, such as multivalent cations or cross-linking through covalent linking, has been
successfully reported in the literature [73–75].
12

1.2.6 Nano-porous structure of the Graphene Oxide membranes
The porous network of the GO laminates comprises of spacing between the
deposited GO sheets, structural defects in the GO sheets, surface wrinkles of GO sheets
and spacing between the adjacent GO (Figure 1-3) [51]. These features provide a pathway
for the transport of solutes across the GO laminates. Molecular dynamics simulation
performed by Wei et al. demonstrated that surface wrinkles and the spacing between the
adjacent GO sheets have the least resistance for the transport of water and other solutes
through the membrane, and these features are now often referred as the microstructural
defects [51]. The experimental investigation conducted by Wei et al. suggested these
microstructural defects are healed during water permeation across GO membranes, which
leads to a decline in water flux and improved selectivity [76]. Additionally, Ritt et al.
showed that these microstructural defects can be minimized by increasing the thickness of
the GO layer [77].
Interlayer spacing between GO sheets is one of the primary routes for the transport
of molecules across GO membranes and plays a vital role in governing membrane
selectivity [78]. The flow of water through these nanochannels under a given pressure
gradient is proportional to the third power of spacing (corridor height), provided slip
conditions at the interface are the same. Solutes present in a solvent experiences steric
hindrance depending on their relative size compared to the interlayer spacing, and thus the
spacing dictates selectivity based on the size of the solute. Spacing between GO sheets is

Figure 1-3: Nanoporous structure of Graphene Oxide membranes (adapted with
permission from ACS Applied Materials and Interfaces, Wei et al., 2016).
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governed by two opposing forces: electrostatic repulsive forces between the charged
carboxylate groups and pi-pi stacking forces of the sp2 domains [79]. GO membranes with
a higher extent of oxidation have higher surface zeta potential and experiences higher
repulsive forces between adjacent sheets, which results in higher interlayer spacing [47].
Spacing in the GO sheets can be modulated by the extent of reduction of GO or by
incorporation of nanofillers in the channels, such as polyelectrolytes and nanoparticles [8].
Thus, one could achieve different interlayer spacing in GO membranes by controlling
physicochemical properties, and in turn tune membrane permeance and selectivity.
The nano-porous structure of GO has also shown the presence of pinhole defects
[77]. Pinhole defects are straight through pathways (vertically continuous pores) for the
molecules to transverse across the GO laminates (Figure 1-4 a). The presence of pinhole
defects in the nano-porous structure of GO laminates adversely affects the selectivity of
the membranes, as the solutes experience negligible/lower resistance depending on the
dimensions of defects and solutes. The probability of the presence of pin-holes depends on
the packing density of the structure, which can be controlled by the polydispersity in size.
A higher packing density, which could be achieved through modulating polydispersity of
sheets, significantly reduces the probability of pin-holes [77]. The probability of the
presence of pin-holes is also inversely proportional to the thickness of the GO laminates
(Figure 1-4 b). Ritt et al. estimated a critical thickness of 15 nm for a packing density of
20% of the GO laminates to ensure membrane with an acceptable density of pinholes [77].
However, impact of the surface roughness of the underlying surface on the presence of
pinhole defects was not quantified in the study. Surface roughness (RMS) of the
commercial polymeric substrate used for membrane synthesis typically lies in the range of
70-150 nm and is expected to increase the probability of the pinholes.

1.2.7 Water transport through Graphene Oxide membranes
Water transport across the GO membrane occurs through a highly tortuous path
formed by the network of interlayer spacing between the GO sheets and microstructural
defects [77]. Transport properties of the GO membranes strongly depends on the physical
(e.g. size, shape, defects and thickness) [78] and chemical properties (e.g. O/C ratio, type
14

of oxygen containing functionalities) [80]. It is critical to understand the role of individual
parameters in governing the water and solute transport across the GO membranes for
developing, assessing and comparing the membranes for a given application.
In the absence of defects in the microstructure of GO, the interlayer spacing offers
a major route for the transport of water. The interlayer spacing of GO is unique in the way
that has hydrophobic (graphitic) and hydrophilic (oxidized) domains randomly distributed
across its surface (Figure 1-4 c) [51]. Water molecules are known to interact in different
ways while diffusing across these domains. Nair et al. observed that unimpeded flow of
water occurs across the graphitic domains under capillary forces [12]. Water experiences

Figure 1-4: Schematic representation of water transport across Graphene Oxide
membranes a) flow through channels and pinhole defects of GO membranes, b)
permeability-selectivity tradeoff of GO membranes as a function of GO loading on a
porous substrate. Packing density represents the fraction of the underlying area
occupied by GO sheets in a given atomic layer of coating, c and d) represents the water
flow through oxidized and graphitic domains of GO sheets. (figures a and b are adapted
from with permission from Environmental Science and Technology, Ritt et al., 2019,
and figures c, d and e are adopted with permission from ACS Applied Materials and
Interfaces, Wie et al., 2014).
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less resistance while moving across the graphitic domain compared to the oxidized domain.
Water tends to form hydrogen bond with the oxygen-containing functionalities in the
oxidized domains and has a longer dwell time [10]. As a result, shorter slip coefficients are
observed in the oxidized domain. Higher interfacial slip coefficients of 1657 are estimated
in the graphitic domains compared to slip length of 3.7 in the oxidized domain (Equation
1-4 and 1-5; Figure 1-4 d) [51].
…Equation 1-4

𝑄𝑄𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = −𝑑𝑑 3 ∆𝑃𝑃𝑃𝑃/(12𝜂𝜂𝜂𝜂)
𝜀𝜀 = 𝑄𝑄

𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

…Equation 1-5

= 1 + 6𝐿𝐿𝑠𝑠 /𝛿𝛿

Distribution of hydrophilic and hydrophobic domains is vital to the permeation of

water across the GO laminates. Even though, higher slip lengths are observed in the
graphitic domains of GO, it does not often translate into high permeation of water. The
main reason limiting the faster permeation of water across these domains is the drag
experienced by molecules from the adjacent oxidized domains, and the phenomenon is
popularly known as the side pining effect. The interaction of water molecules with the
adjacent oxidized domains significantly impedes the transport across the graphitic domain,
reducing the effective slip lengths. For the same reason, chemical properties of GO, such
as oxidation extent, are vital in determining the performance of the membrane. GO
membranes with higher oxygen content are observed to have lower water permeability
[81]. The decrease in permeability with an increase in oxygen extent is attributed to the
enhanced polar interactions (hydrogen bonding) of water molecules with GO.
The permeation of water across the GO laminates is also dependent on the physical
features, such as lateral dimensions of the sheets, defects and membrane thickness. The
permeability of water scales inversely to the diffusion length for the water to traverse, and
is, therefore, sensitive to these physical features of GO. Large lateral dimensions of the GO
sheet in the laminates results in a highly tortuous path, which increases the path length for
the transport of molecules through the membrane [78]. Monte-Carlo simulations performed
on the structure of GO laminates estimated the tortuosity (effective length/membrane
thickness) of the membrane ranging from 970 to 1400, which is very high compared to the
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conventional polyamide nanofiltration membranes [77]. Higher path lengths for the
molecules to traverse necessitates a higher driving force for transport of water molecules
across the GO laminates. Cho et al. reported a water permeability coefficient ranging from
3×10-7 to 1×10-6 cm2/s for a flake size of 1.6 um and 0.2 nm, respectively [9]. Thus, lateral
dimensions and amount of GO sheets deposited plays an important role in dictating
membrane permeance, as it determines the path length for a water molecule to traverse.

1.2.8 Potential applications in Organic Solvent Nanofiltration
Membrane-based separations of species in solvent media, referred to as Organic
Solvent Nanofiltration, are important to industries, such as pharmaceuticals. The use of
conventional polymeric membranes in solvent purification applications is often limited by
lower permeability and structural integrity. Polymeric membranes can swell in solvent
media depending on the interaction parameters and in the long term can have an adverse
effect on permeability-selectivity of the membrane. GO-based membranes differ
significantly from the polymeric membranes in terms of transport paths for molecules to
traverse. In nanofiltration, voids between the polymer chains (or pores) act as a pathway
for transport and irreversible changes in the dimensions of these voids would affect the
membrane performance. Whereas, in the case of GO-based membranes, path for molecules
to transverse is the spacing between the deposited sheets. Although these sheets can swell
to a different extent in solvents, the changes are reversible as no physical deformation to
sheets occur and the nanoporous structure of the membrane is preserved.
Spacing between GO sheets, which is known to vary with solvents, governs
permeation performance and selectivity. Swelling of GO membranes in different solvents
can be measured by monitoring changes in interlayer spacing of sheets using XRD
characterization. It is well known that water forms stable adsorbate on GO sheets, swelling
channels up to 12.1 Å depending on the oxidation extent of GO. As stated earlier, according
to DLVO theory interaction between GO sheets is determined by equilibrium between
competing forces exerted by attractive van der wall and repulsive electrostatic double layer
forces. The extent of swelling of GO is found to depend on the polarity of solvents. Owing
to the presence of polar functionalities on GO, on would expect solvents with higher
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polarity to form adsorb and swell GO channels to a greater extent. Akbari et al. observed
that interlayer spacing of the GO sheets was inversely proportion to 0.48th power of the
solvent’s dielectric constant (Figure 1-5 f, g). Authors attributed to the fact that electrostatic

Figure 1-5: a,b and c) Permeation of various solvents through graphene oxide
membranes and retention of various probe molecules by the membrane (adapted with
permission from Nature, Yang et al. 2017); e and f) retention of probe molecules with
(d) similar molecular weights and different solubility parameters and (e) similar
solubility parameters and different molecular weights by Graphene Oxide membranes
(adapted with permission from Carbon, Li et al., 2018). f and g) behavior of GO
membranes in solvents of different dielectric contains. (adapted with permission from
Advanced Materials and Interfaces, Akbari et al., 2017)
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forces between the sheets varies significantly with the polarity of the solvents, and the
effect could be interpreted using Debye length (measure of the range of electrostatic forces)
which is inversely proportional to the square root of dielectric constant [10].
Various applications of rGO based membranes in solvent nanofiltration have been
investigated. rGO membranes synthesized on polyethylene imide or porous alumina
substrate are reported to show stable performance with exceptionally high permeability for
solvents, such as isopropanol, hexanes and dimethylformamide (Figure 1-5 a, b, c) [12,67].
Hua et al. demonstrated moderate (60%) to high (>90%) retention of various dyes
(molecular weights ranging from 320 g/mol to 1299 g/mol) from pure ethanol as solvent
[82]. Authors achieved charge based retention of cationic and anionic dyes by
incorporating charged polyelectrolytes in the GO channels. In an exciting work by Li et
al., retention of various dyes with similar molecular weights and different solubility
parameters and charge was tested (Figure 1-5 d, e) [83]. One of the important findings of
the study was Donna exclusion didn’t play a significant role in the retention of dye
molecules in Isopropyl alcohol (IPA) as a solvent. The dielectric constant of IPA (19.9) is
considerably lower than that of water (80.1); therefore, molecules dissociate to a lesser
extent to produce ions. Thus, the impact of charge interactions is significantly lower. Steric
configuration of the molecule plays a vital role in governing retention in such cases, and
bulkier molecules experience higher hindrance for its transport across the membrane. Also,
provided steric configuration (size) and charge density of the molecules are the same, one
would expect a higher transport rate for molecules which has similar solubility parameters
as that of GO, as similar partitioning factors favors portioning of such molecules in the
membrane domain. The authors also observed high retention of various active
pharmaceutical ingredients, such as antibodies and vitamins, by rGO membranes. As the
interlayer spacing of rGO could be modulated by controlling its O/C ratio, one could
achieve tunable retention performance for different solutes. rGO membranes are expected
to have higher steric hindrance for the transport of solutes. In this study, we explored rGO
membranes with different interlayer spacing for selective separation of lignin-derived
oligomers (phenolic molecules) from a solvent water mixture.
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1.2.9 Ionic transport through Graphene Oxide membranes
Commercially available polymeric nanofiltration membranes are known to govern
exclusion of ions by three mechanisms, viz. dielectric exclusions, charged-based exclusion,
and steric hindrance [84]. Steric hindrance for the transport of ions depends on the effective
pore size of the membranes, whereas, charged-based exclusion depends on the charge
density of the active layer for separation. The same principles can also be extended to
analyze ionic transport through GO membranes. However, GO-based membranes differ
from polymeric nanofiltration membranes in several ways. Transport of water through GO
membranes is believed to occur through a highly tortuous path formed by the gallery
between the deposited GO sheet [23]. A significant expansion in the interlayer gallery
spacing of GO is observed after its contact with water molecules. GO is known to adsorb
2-3 layers of water molecules, causing an expansion in interlayer gallery spacing by several
angstroms [10]. Furthermore, expansion in interlayer gallery spacing depends on the
oxidation extent of the GO. Expansion of interlayer gallery spacing occurs to a lesser extent
in partially reduced GO as compared to pristine GO [24]. The impact of steric hindrance
on total ionic transport, which depends on the dimensions of the pore size/interlayer gallery
spacing, is expected to decrease with the expansion of interlayer galley spacing. Recently,
GO membranes with interlayer spacing in the ranging from 1.2 nm to 0.4 nm were
synthesized for water treatment applications [21,24]. For interlayer spacing smaller than
0.74, a significant hindrance to partitioning and diffusion of multivalent ions occurs for
transport through the GO membranes, and relative contribution of charge in overall
resistance to ionic transport is less (Figure 1-6 a, b) [21,85]. Additionally, path length for
the transport of water through these sheets is large, and depends on the size of individual
GO sheets and loading of GO [78]. Changes in the diffusive path length affect the effective
resistance for the transport of ions and needs to be considered while evaluating and/or
comparing the membrane performance [78]. A comprehensive mathematical analysis is
therefore required to account for the varying pore size and effective diffusion lengths of
the GO membranes in analyzing the desalination performance of the GO-based
membranes.
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In addition to steric hindrance, charge based interactions also contribute to the
overall ionic exclusion by GO membranes (Figure 1-6 c, d) [46]. Charge interactions are
sensitive to several parameters, such as effective membrane charge density, feed pH, nature
of counter ions in feed and feed ionic strength. GO membranes are negatively charged due
to the presence of carboxylate functionalities. Graphene oxide membranes with varying
density of the carboxylate groups have been synthesized, and as expected, membranes with
a higher density of charge showed better desalination performance [47]. Also, carboxylate
groups are sensitive to pH. Below pKa of carboxylate groups, lower charge density of the
membranes is expected, and would therefore, have lower charge based interactions with
the ions. Additionally, surface charge of the membrane is screened to different extents
depending on the ionic strength and valency of the counterions [86]. One would expect
lower salt rejection with graphene oxide membranes at higher ionic strength and/or with
multivalent cations as counter ions [84]. Therefore, it is important to account for the feed

Figure 1-6: Ionic transport through Graphene Oxide membranes. a and b)
Transport through epoxy-confined channels of GO. Selectivity of these membranes is
driven by steric hindrance (Adapted with permission from Nature Nanotechnology,
Abraham et al., 2017). c and d) Ionic transport through polyelectrolyte functionalized
GO membranes. Selectivity of these membranes is driven by charge-based interactions
(Adapted with permission from Nature Communications, Zhang et al., 2019).
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conditions along with charge density of GO membranes in analyzing the membrane
performance.
Approaches based on the extended Nernst plank equation are very popular in
modeling ionic transport through nanofiltration membranes [84]. Briefly, the Nernst plank
based modeling approach considers three different modes for transport of ions through the
membrane viz. hindered diffusion, convective coupling, and potential gradient. Hindered
diffusion and convective coupling of ions is a function of effective pore size or interlayer
spacing as in GO membranes [87]. One would expect higher hindrance to diffusion and
lower convective coupling for ions trough narrower membrane pores or effective spacing
between deposited GO sheets. Potential gradient across the membrane occurs owing to the
presence of charge functionalities and has a dependence on feed conditions, such as
valency of ions and feed ionic strength; therefore, rejection by nanofiltration is sensitive to
these feed conditions. In addition, studies have also extended the approach to account for
the partitioning of ions based on steric hindrance and dielectric exclusion. The model based
on Nernst Plank equation thus would enable quantification, comparison, and modeling of
the performance of GO-based membranes under an extensive set of parameters. In this
study, efforts were aimed at understanding the underlying mechanism for transport of ions
through GO-based membranes with the aid of extended Nernst plank equation to further
elucidate the role of steric hindrance and charge exclusion in retention of ions.

1.2.10 Potential applications in partial desalination of water and produced water
treatment
Produce water stream is typically generated during the extraction and treatment of
crude oil [32]. This water stream is known for its high dissolved salts content (TDS, 5,000200,000 mg/l) along with the presence of organic impurities. Although state of the art
reverse osmosis membrane is a popular choice for desalination of water and removal of
micropollutants, it may not be an optimal process for the treatment of produced water.
Owing to high TDS content, the osmotic pressure of the solution is high. Application of
RO membranes for the treatment of such water streams would require an operating pressure
exceeding the osmotic pressure of feed, and therefore, recovery of potable water will need
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high energy. In such a case, safe discharge of such water is a more viable option after the
selective removal of organic impurities. Nanofiltration (NF) membranes are promising
candidates for such separations. NF can retain salts partially and has a molecular weight
cut-off in the range of 300-1000 Da. The use of NF membranes thus enables operations at
significantly lower operating pressures with the removal of micropollutants, allowing safe
discharge of such streams [34].
It is important to understand the role of permeability and salt retention in the
treatment of produced water containing high TDS. Consider a membrane with high
permeability and moderate retention of salt. For such water streams, an increase in the flux
with operating pressure is not linear and, the rate of increase in flux with pressure decreases
at increasing operating pressures. With the increased operating pressure, the concentration
of ions near the membrane-feed interface increases considerably at higher operating water
flux. Thus one can infer that at higher operating flux, a large fraction of the applied pressure
gradient will be consumed in overcoming the effective osmotic pressure gradient and will
also observe lower overall salt retention owing to high interfacial concentration.
Furthermore, the fouling propensity of the membrane also increases at high operational
flux, lowering water flux more rapidly. Thus, selective separations of organics from high
TDS water is a crucial element determining the efficiency of separations.
Selective removal of divalent ions from such water streams allow water treatment
at lower transmembrane pressures by avoiding the osmotic pressure gradient arising from
the retention for monovalent ions. Abraham et al, demonstrated that restricting the spacing
of GO sheets up to 0.8 nm significantly enhances the steric hindrances for the diffusive
transport of divalent ions through the membranes. Additionally, approaches to tune charge
based retention of ions by GO membranes also improves the salt retention. The approache
of incorporating polyelectrolytes in GO laminates also have reported to significantly
increase water permeability, and thus could potentially serve partial desalination
applications at lower operating pressure. However, the intensity of charge-based
interactions decreases at higher ionic strength, and significant decline in the extent of
desalination is expected for polyelectrolyte functionalized GO membranes. Therefore,
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benefits of enhanced performance achieved by tuning the charge density of the GO
membranes are more pronounced in treatment of water containing low TDS.
GO has several advantages over commercial polymeric membranes for treatment
of produced water streams containing dissolved oil. First, due to high hydrophilicity of GO
membranes, these membranes can reject oily components present in water. Commonly
present organic impurities, such as naphthenic acids, are negatively charged with a
molecular weight ranging from 200 to over 500 [88]. These impurities should have higher
retention due to Donnan exclusion (charge-based rejection). Second, incorporation of GO
in membrane matrix has found to improve resistance to microbial fouling. Also, oily
components are less likely to foul the membrane surface due to the hydrophilic nature of
GO, giving it an edge over polymeric membranes [89]. Furthermore, GO membranes can
withstand harsh cleaning conditions, since interlayer gallery spacing of GO is more robust
and preserves separation characteristics of the membrane. In this study, we investigated
potential application of graphene oxide membranes for treatment of produced water with
two major goals: 1) Membrane fouling and oil removal by graphene oxide membranes in
the presence of small amounts of dissolved oil. 2) Partial removal of hardness by graphene
oxide membranes.

1.2.11 Nanocomposite reactive membranes for persulfate mediated advanced
oxidation
1.2.11.1

Reduced Graphene Oxide-based reactive membranes

rGO membranes have attracted increasing attention of the membrane community
for aqueous and organic solvent nanofiltration [38,67]. Besides nanofiltration applications,
rGO tends to participate in electron transfer reactions involved in oxidation reactions [90].
In oxidation reactions, the electron transfer reactions result in the fission of the peroxy
linkage of oxidizing agents, generating free radicals for the destruction of organic
contaminants (Figure 1-7 b). Active sites involved in electron transfer reactions are
believed to be the edge defects present in the basal plane of rGO [91–93]. Ketonic groups
present on the basal plane have higher electronic density and therefore, enhances the
tendency of these materials to get involved in the electron transfer reactions [92]. Doping
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of GO with nitrogen and sulfur has also been reported to enhance the capability of GO to
catalyze the reaction because of the redistribution of charge densities and the creation of
more active sites (Figure 1-7 e & f) [94–96].

g)

Figure 1-7: GO based platforms for environmental remediation of organic
contaminants. a) GO membranes as barrier for toxic organic vapor (Adapted with
permission from ACS Nano, Steinberg et al., 2017), b, c & d) rGO and rGO
nanocomposite in advanced oxidation reaction (Sun et al., ACS applied materials and
interfaces, 2012; Yan et al., Chemical Engineering Journal, 2016), e & f) enhanced
degradation efficiency of organic contaminants by advanced oxidation using GO as
catalyst. Figure f shows synergy between adsorption capacity and degradation rates of
organic contaminants by GO (Adapted with permission from Environmental Science
and Technology, Wang et al., 2015). g) Photocatalytic rGO membranes (Adapted with
permission from Environmental Science: Nano, Zhang et al., 2019)
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Furthermore, rGO provides support for catalyst immobilization. Nanocomposites
of rGO with the transition metals are reported to perform better in AOP (Figure 1-7 c &
d).[97–99] In the nanocomposites, transition metals are used for the initiation of free radical
reactions, whereas, rGO serves as a platform for catalyst immobilization. Better activation
performance for the magnetite-GO composite as compared to magnetite alone in the
decomposition of trichloroethylene (TCE) through AOP is reported by Ahmed et al.[100]
rGO being hydrophobic, can adsorb organic compounds with aromatic groups through pipi stacking, resulting in a synergetic effect of adsorption and surface-initiated radical
formation towards organic contaminant degradation [96]. Successful incorporation of
reactive nanoparticles in the rGO membrane, therefore, should permit catalytic
decomposition of organic impurities in addition to the separation capabilities of rGO
membranes.
rGO-based catalytic membranes have shown promising results in removal of a wide
range of organic contaminants, such as phenols, nitrophenol, dyes, etc.[101–103]. Metal
free GO membranes synthesized by doping basal plane of GO with heterogeneous atoms
have shown improved performance in breaking down persulfate to generate free radicals
for oxidative degradation of organic contaminants [101]. Introduction of a metal catalyst
provides opportunity for conducting peroxy mediated oxidation reactions at faster rate and
room temperatures. To synthesize the catalytic rGO membrane platform, approaches such
as surface and nanochannel functionalization are employed. Soroush et al. synthesized GO
membranes decorated with silver nanoparticles, which exhibited antimicrobial properties
[104]. Incorporation of TiO2 nanoparticles in the nanochannels of GO by co-filtration of
nanoparticles and GO was demonstrated by Gao et al. (Figure 1-7 g) [103]. The
membranes exhibited photocatalytic abilities, catalytically removing phenols under light.
These approaches although have been successful in synthesizing a catalytic membrane
platform, remobilization of catalyst in the membrane domain in the event of leaching is a
challenge. Incorporation of functional polymers in rGO layers introduces ligands in the
membrane domain, which could be used towards immobilization of precursors for
nanoparticles synthesis. Subsequent in-situ synthesis of nanoparticles is one of the assuring
ways for re-functionalization of the membranes.
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Furthermore, free radical-mediated oxidation processes are typically accompanied
by the formation of byproducts from side reactions of free radicals with natural organic
matter (NOM) present in water [105,106]. Removal of NOM before oxidation processes is
desired to mitigate the formation of halogenated by-products of these organics. rGO
membranes have shown high removal efficiency for NOM, primarily by size exclusion
mechanism [39]. A nanocomposite membrane of rGO with a top layer comprised of rGO
provides an opportunity to remove NOM by size and charge exclusion, and formation of
byproducts by oxidation reactions in the catalytic domain underneath can be minimized.
In this study, Fe-based nanoparticles embedded rGO membranes were synthesized
and an oxidative pathway was employed for the removal of chlorinated organics. Both
persulfate and hydrogen peroxide mediated oxidation have been found highly effective in
the removal of a wide range of organic contaminants [107–111]. A persulfate mediated
pathway has advantages over the one mediated by hydrogen peroxide, such as longer half
time of the sulfate free radicals compared to hydroxyl radicals, selectively higher reaction
rates with electron-rich contaminants, less severe scavenging effect of persulfate on sulfate
radicals compared to that of hydrogen peroxide on hydroxyl radicals, and enhanced
degradation rates at elevated temperatures [111,112]. Considering the advantages, the
oxidation pathway mediated by sulfate free radicals was selected for this study. This
research explored the integration of membranes with advanced oxidation processes (AOPs)
by embedding catalytic Fe/Pd nanoparticles in reduced Graphene Oxide (rGO) membranes
for removal of persistent organic contaminants from water. The novelty of this study lies
in combining the persulfate mediated oxidation reactions with the separation performance
of rGO membranes in loose nanofiltration regime.
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1.2.11.2 Microporous polyvinylidene fluoride (PVDF) based reactive membranes
Membrane based catalytic membrane platforms in the separation performance
regime of microfiltration are being investigated for various environmental remediation
applications. Microfiltration membranes have relatively open structure (pore size ranging
from 0.1 um to 10 um) compared to GO-based nanofiltration membranes (pore size around
1.2 nm). Microfiltration membranes are operated at much lower trans membrane pressure
of less than 2 bar compared to nanofiltration membranes which are typically operated at 510 bar. One of the major applications of microfiltration membranes is in preliminary
disinfection of water. Pathogens and finer particles from water are removed using a
microfiltration membrane. Microfiltration membranes are synthesized by polymeric

Figure 1-8: Functionalized microfiltration membranes; a) Bioinspired membranes
embedded with porins for selective transport of water over salt (Adapted with
permission from RSC advances, Hernandez et al., 2017) and b) Nanoparticles
embedded reactive microfiltration membrane for reductive dechlorination of
chlorinated organics (Adapted with permission from Journal of Physical Chemistry C,
Xu et al., 2008).
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materials (PVDF) and inorganic materials, and provides a robust platform to conduct
various catalytic reactions. Additionally, longer residence time for reactants could be
achieved owing to relatively larger membrane thickness (few microns) and tortuosity in
the pores.
Different functionalization approaches have been demonstrated to modify a
microfiltration based platform (Figure 1-8) [113]. One approach for functionalization is by
blending dope solutions with other polymers and inorganic materials to synthesize a mixed
matrix membrane. Alpatova et al. synthesized a catalytic membrane by casting a dope
solution containing Fe2O3 nanoparticles and multi-walled carbon nanotubes, and the
membranes showed capabilities the for oxidation of organic contaminants [29]. The surface
of the membrane can also be modified by grafting functional polymers, such as zwitterionic
polymers, to improve hydrophilicity and resistance towards membrane fouling [114].
Ritchie et al. incorporated polyamino acids in the walls of cellulose membranes by
covalently linking the polymers to the membrane pores for capturing heavy metals from
water [115]. Our group has demonstrated incorporation of various stimuli-responsive
polymers, such as polyacrylic acid and poly(N-isopropyl acrylamide) to make the
performance of membrane responsive to feed pH and temperature, respectively [116]. A
layer by layer assembly approach also allows the construction of membrane pores with
desired functionalities in a systematic approach. Hernandez et al. demonstrated the
incorporation of biologically active porin channels in the microfiltration membrane pores
with vertical orientation, which leads to a selective transport of water over salts and partial
desalination of water by the membranes [117]. Sarma et al. successfully incorporated
laccase enzyme in pores of microfiltration membranes, which had the ability to
catalytically oxidized trichlorophenols from water [30]. Additional capabilities, thus, could
be added to the microfiltration membrane platform by functionalizing membrane surface
and walls of membrane pores. In this study, reactive membrane platforms based on
microporous membranes were synthesized and investigated for the treatment of produce
water from the energy industry. The role of temperature and residence time of reactants in
membrane pores in determining oxidation efficiency was investigated.
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1.2.12 Persulfate mediated oxidation reactions:
In this work, FexOy and Fe/Pd functionalized membrane catalyzed oxidation using
persulfate as an oxidizing agent was investigated. Persulfate salts have attracted
considerable attention in recent years as an in-situ oxidizing agent [109,118–120]. The
persulfate anion has a reduction potential of 2.1 V (E0[S2O82-|SO42-] vs. NHE) and
generates sulfate free radicals with a higher reduction potential of 2.4 V (E0[SO4•-|SO42-]
vs. NHE). Different modes of activation, such as UV light, heat, and transition metals have
been investigated for the decomposition of persulfate [118,121]. Thermal fission of –O-Olinkage in the persulfate to generate sulfate free radicals is slow at a lower temperature.
Iron oxides are also known to catalyze the generation of sulfate free radicals and enable
oxidation on shorter time scales [122]. Persulfate decomposition catalyzed by FexOy
nanoparticles is a surface phenomenon. Fe(II) sites on iron oxides are responsible for the
generation of sulfate free radical, as shown in Equation 1-6 [123]. Activation of persulfate
by FexOy particle surface can be explained in analogy with Fenton’s reaction as follows
[124]:
≡ 𝐹𝐹𝐹𝐹 𝐼𝐼𝐼𝐼 + 𝑆𝑆2 𝑂𝑂82− → ≡ 𝐹𝐹𝐹𝐹 𝐼𝐼𝐼𝐼𝐼𝐼 + 𝑆𝑆𝑆𝑆4• − + 𝑆𝑆𝑆𝑆42−
≡ 𝐹𝐹𝐹𝐹 𝐼𝐼𝐼𝐼 + 𝑆𝑆𝑆𝑆4• − → ≡ 𝐹𝐹𝐹𝐹 𝐼𝐼𝐼𝐼𝐼𝐼 + 𝑆𝑆𝑆𝑆42−

.. Equation 1-6, K1= 15.33 M-1s-1
.. Equation 1-7, K2= 4.6×104 M-1s-1
.. Equation 1-8, K3 = 6.6×105 M-1s-1

𝑆𝑆2 𝑂𝑂82− + 𝑆𝑆𝑆𝑆4• − → 𝑆𝑆2 𝑂𝑂8• − + 𝑆𝑆𝑆𝑆42−

.. Equation 1-9, K4 = 9.4×103 M-1s-1

𝑆𝑆𝑆𝑆4• − + (𝐻𝐻2 𝑂𝑂) → 𝑂𝑂𝑂𝑂 • + 𝐻𝐻𝑆𝑆𝑆𝑆4−

Sulfate radicals produced in the process are also scavenged by Fe(II) sites as shown

in Equation 1-7. The efficiency of persulfate to decompose target organics depends on
Fe2+/S2O82- ratio, and the lower Fe2+/S2O82- ratio has shown more efficiency for the overall
degradation of the target molecule [125,126]. Sulfate radicals can also interact with water
generating hydroxyl radicals (as shown in Equation 1-9), which is also a strong oxidizing
agent. However, it has been demonstrated in several studies that sulfate radicals are
dominant in the system at acidic to near neutral pH [127,128]. As reaction proceeds, Fe(II)
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sites will be converted to Fe(III) sites, and the catalytic activity of the FexOy particles will
reduce. Regeneration of the catalytic activity therefore requires restoration of Fe(II) sites
by reduction (E0[Fe3+|Fe0] = -0.037 V vs NHE and E0[Fe2+|Fe0] = -0.447 V vs. NHE).
Reducing agents, such as ascorbic acid (E0= -0.104 V vs. NHE at pH = 5.75) and sodium
borohydride (E0[BH4-|H2BO3-] = 1.24 V vs. NHE) have been reported in various studies
for reduction of Fe(III), and thus can enable regeneration of the catalytic systems. Also, to
improve cost efficiency and lower contamination of water through catalyst leaching,
recovery or immobilization of catalyst particles is important. We have demonstrated
immobilization of iron nanoparticles by the capture of metal ions in the pores of a
membrane filled with polyelectrolyte followed by their reduction, and membrane
regeneration by reloading iron through repeated cycles [28]. Aggregation of the
nanoparticles was also minimized by the cross-linked polymer matrix thus availing high
surface area of the particles enhancing catalytic properties. The immobilized nanoparticles
enable the application of advanced oxidation in a continuous mode through the generation
of free radicals in the membrane domain.
Extensive kinetic analysis of the fate of sulfate radicals in the aqueous system is
available in the literature [129,130]. With the help of available kinetic data, Kusic et. al.
developed a mathematical mechanistic model for degradation of azo dyes [131]. Persulfate
mediated decomposition of dye catalyzed by iron/iron oxide surface was identified to be
limited by the rate of generation of sulfate free radicals. The developed approach for
analysis can be applied to predict the performance of persulfate based decomposition of
organics in the membrane domain by combining kinetics with the transport phenomenon.
Decomposition of organics by free radicals is a series of redox reactions, which are
typically limited by diffusion. Use of membrane based systems for persulfate mediated
oxidation reactions can significantly lower the diffusion resistance. In a membrane domain,
reactants are driven to catalytic nanoparticles under a convective flow, thus could
significantly enhance overall reaction rates. The performance of persulfate based
decomposition of various organics carried out in systems ranging from solution phase batch
mode to column reactors has been analyzed by modeling approaches [128,132–136].
Recently, Wan et. performed a modeling investigation on reactive dechlorination of PCB
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in the membrane domain [137]. Flow conditions observed in the study were laminar, and
a laminar flow model coupled with reaction was successful in predicting the performance
of the membrane. Xu et. al. have done a detailed analysis of the membrane reactor by a
pore flow model [31]. The author identified the convective flow as a primary means for
transport of reagents in the membrane domain, and no radial variation in concentration
profile of the reactant species in the membrane pores was observed (due to diffusion).

1.2.13 Relevant organic contaminants
1.2.13.1 Trichloroethylene
Trichloroethylene (TCE) is a volatile solvent that was commercially used for
degreasing metals. It is a potential carcinogen and identified as toxic to the liver and
immune system, which lead to its abandonment. TCE is a non-polar compound sparingly
soluble in water (about 1100 mg/l). It is a significant source of contamination for
groundwater and exists as a dense nonaqueous phase liquid. Remediation of TCE from the
ground water is difficult as the TCE plume existing in groundwater acts as a reservoir,
continuously replenishing its concentration in groundwater [138]. Persulfate based
oxidation of TCE has been investigated extensively with the aid of heat, transition metals,
and minerals [100,139]. This research evaluates the oxidation of TCE using reactive
membrane platforms and investigates reaction intermediates.
1.2.13.2 Naphthenic acids
In a conventional oil processing industry, approximately 2 m3 to 3 m3 of water is
consumed per cubic meter oil produced during operations, such as the Clark process.
During this process, Naphthenic acids (NA) and other oil extractible enters the aqueous
phase along with salts [140]. NA is one of the commonly found organic impurities in the
oil sand process water and produced water from oil processing industries along with the
high concentrations of dissolved salts [88,141,142]. NA is a mixture of surfactant-like
molecules with a charged carboxylic group attached to the cyclic and acyclic aliphatic
chains with molecular weights ranging from 200 g/mol to 500 g/mol. NA have been
identified as harmful to aquatic life due to their surfactant like nature. Decomposition of
naphthenic acids by persulfate mediated oxidation has been investigated in several studies.
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The reaction mechanism of sulfate free radicals with the carboxylic acids is proposed to be
considerably different from the reaction of hydroxyl radicals. Hydroxyl radicals reacts with
the aliphatic carboxylic acids through the abstraction of hydrogen from the aliphatic chain
of the acids [143]. On the other hand, Madhavan et. al. demonstrated for saturated aliphatic
acids, the reaction of sulfate radicals predominately proceeds through oxidation of the
carboxylate group, resulting in decarboxylation [144]. The authors observed higher yields
of CO2 for reactions of sulfate radical with saturated carboxylic acids as compared to
hydroxyl radical reactions. The mechanism suggests the reaction of sulfate radical with
naphthenic acids will produce aliphatic chains that will have a considerably lower
solubility in the water.
1.2.13.3 Perfluoro Octanoic Acid (PFOA)
Perfluro alkyl substances (PFAS) are a family of fluorinated surfactant like
molecules, known for their oil and heat resistance. Owing to these properties, PFAS were
used in several products, such as oil-resistant coatings and fire-fighting foams. Two
common compounds of this family that were mass-produced were perfluorooctanoic acid
and perfluoro sulfonic acid (PFOS) [145]. PFOA and PFOS are the emerging persistent
organic contaminants and has been found to bioaccumulate in human blood and its adverse
health effects are a potential concern [146,147].
PFAS are relatively resistant to the oxidation reactions, and their degradation
through the oxidative pathway necessitates severe conditions [148]. Technologies, such as
adsorption on activated carbons and functional polymers, are also being investigated for
the removal of PFAS. Nanofiltration membranes have also been shown to provide efficient
removal of PFAS from water and have been successfully used to reduce the volume of
contaminated feed streams by several folds [149]. Therefore, the separation of PFAS from
water to reduce the volume of contaminated water seems a more feasible remediation
strategy. Nanofiltration membranes have shown high PFAS removal efficiency, enabling
high recovery of purified water [149]. GO-based membranes are expected to remove PFAS
through charge interactions and steric hindrance, owing to the negatively charged surface
and narrow interlayer spacing. Exclusion of PFOA by GO membranes would enable high
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recovery of purified water, significantly reducing the volume of contaminated water
requiring treatment.
1.3

SOME OPEN RESEARCH QUESTIONS
In this chapter, an overview of Graphene Oxide as a next-generation material for

membrane synthesis was presented. In recent years, significant progress has been made in
the synthesis of GO membranes, understanding of water transport, modulating
physiochemical properties of the membrane, and functionalization of GO laminates.
However, a need exists to address some key issues, as identified in this literature survey.
First, even though GO membranes with exceptionally high permeability for water
and solvents have been reported, a decline in the water permeability of the membrane with
time has been reported. The steady-state water permeability values are significantly lower
than the initial high flux values. The phenomenon is likely attributed to physical
transformation occurring in the GO laminates. Research is required in further
characterizing the structure of GO laminates, whether the microporous defects in the
laminates are reconstructed and the sheets are better aligned, and if the effective diffusion
lengths for the molecules to traverse are altered. Quantification is also required for the
dynamic change in permeability-selectivity of the membrane.
Second, GO being an amorphous material, physiochemical properties of GO, such
as O/C ratio, nature, and location of functionalities present on the basal plane of these
sheets, and dimensions of sheets varies depending on the oxidation conditions during the
synthesis of this material. Nature of molecular interactions, such as dwell time of solvent
at these functionalities, charge interaction forces, and slip length of molecules, are
dependent on these parameters. Transport properties of molecules through these
membranes are, therefore, significantly influenced by these features and its impact on
perm-selectivity of the membrane needs to be assessed.
Third, one of the significant applications of GO membranes lies in the field of
partial water desalination. Approaches based on the reduction of GO or by embedding
polyelectrolytes have gained popularity to enhance the desalination performance of the
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membrane. The mechanism of ionic transport and its response to feed and operating
conditions can significantly vary, from a sterically hindered transport to Donnan exclusion
governed transport mechanism. For example, a charge dominated exclusion mechanism
anticipated in polyelectrolyte functionalized GO membranes is more likely to be affected
by an increase in ionic strength resulting in a lower extent of desalination. The desalination
performance, therefore, needs a thorough investigation to elucidate the mechanism (such
as the role of partitioning in the graphitic hydrophobic domain) by quantifying the impact
of the feed conditions on the membrane’s desalination performance.
Finally, reactive membrane platforms based on rGO are also being extensively
studied for environmental remediation of organic contaminants. Reactive nanoparticles are
incorporated in the membrane domain to enable different remediation process in the
membrane domain. An approach of co-filtering GO and nanoparticles is typically reported
in the literature for the synthesis of these reactive membranes. The process inherently has
two limitations: 1) a loss of catalyst would require remobilization of nanoparticles, which
is not possible using this approach 2) if the size of nanoparticles is larger than the spacing
of channels (1.2 nm), the selectivity of the membrane is likely to be adversely affected. A
process enabling the in-situ synthesis of nanoparticles could be employed to address the
mentioned limitations. Also, the selectivity of the membrane after incorporation of
nanoparticles need to be quantified.
1.4

SCOPE OF THIS THESIS
In this chapter, we discussed the application of Graphene Oxide in membrane-based

separations from aqueous and organic solvents. In chapter 2, hypotheses and research
objectives are discussed. In chapter 3, we have discussed various experimental
methodologies employed in the characterization of the membranes and quantification of
solutes. In chapter 4, we have discussed the synthesis of GO-based membranes by different
coating approaches, post-reduction of GO films by thermal incubation, physiochemical
transformations in GO after reduction, and quantified some membrane performance
parameters, such as permeability and effective corridor opening. In chapter 5, we
elucidated the role of water sorption in governing water and solvent permeability through
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the membrane. We also have demonstrated the separation of high-value lignin-derived
oligomeric compounds from solvent water mixture by rGO membranes and tunable
selectivity of the membrane through modulation of the O/C ratio of GO. In chapter 6, the
mechanism of ionic transport through rGO membranes is discussed with an impetus on
understanding the role of steric hindrance and charge interactions in the overall resistance
for ionic transport. This chapter also discusses two applications of rGO membranes in 1)
Partial hardness removal and dissolved oil retention from high TDS produced water, 2)
Removal of persistent organic contaminants, perfluorooctanoic acids. In chapter 7, a layer
by layer assembly approach is introduced for the synthesis of metal nanoparticles
embedded reactive rGO membranes. Reactivity of the membrane in persulfate mediated
oxidation of small chlorinated organic contaminants along with simultaneous removal of
larger organic impurities, such as humic acids, is discussed in this chapter. In chapter 8,
treatment of high TDS produced water by micro-filtration based catalytic membrane
platform and commercial nanofiltration membrane is investigated with the aim of the
removal of organic impurities. In chapter 9, we have summarized the findings of this
research and discussed some future directions for this work.
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Chapter 2 Hypotheses and Research Objectives
The overarching goal of this research was to develop selective nanofiltration type
separation, and reactive membranes through new rGO membrane synthesis approach. The
study involved both aqueous and solvent systems. We aimed at understanding the
permeation and selectivity of the membrane in solvent media using isopropanol. One of
the objectives of the study was to investigate the selectivity of the membranes towards the
retention of neutral molecules by the rGO membranes of different physicochemical
properties. We also aimed at quantifying the role of steric hindrance and charge interactions
in the transport mechanism of ions through the rGO membranes. Lastly, one of the aims
was to integrate membrane-based separation performance with advanced oxidation
reactions by the in-situ synthesis of nanoparticles in nanoporous GO domain and
polyacrylic acid-functionalized microporous PVDF domain for removal of toxic organics
from water.
2.1
1

HYPOTHESES:
A controlled reduction of Graphene Oxide results in partial restoration of sp2 domains
through a loss of oxygen-containing functionalities. This enhanced the pi-pi stacking
forces, resulting in lower interlayer spacing. Since the spacing of the GO laminates
could be tuned from few angstroms (0.6 nm) to a couple of nanometers (2.4 nm) by
controlling the extent of reduction, one could potentially use this phenomenon for
tuning performance towards the separation of neutral oligomeric molecules by these
membranes.

2

An assessment based on the Nernst-Plank equation enables the modeling of
nanofiltration membrane performance. The model provides a mean for quantifying the
impact of charge and steric hindrance for ionic transport through these membranes. The
mathematical approach would, therefore, enable assessment and comparison of the GO
membrane performance with different physicochemical properties and under a wide
range of operating conditions.
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3

In addition to separation performance in the nanofiltration regime, rGO offers robust
support for immobilizing reactive nanoparticles. An rGO based reactive membrane
platform will enable the oxidation of organic contaminants from water. Also, since the
separation performance of the membrane lies in a loose nanofiltration regime, one
could simultaneously achieve partial removal of salts and larger organic contaminants,
such as humic acids from water. The separation will also prevent the interference of
larger organics with oxidation reactions and potentially minimize the formation of the
by-product.

2.2

OBJECTIVES:
In order to investigate the above hypotheses, the objectives of the study were as

following:
Membrane synthesis and characterization
•

Synthesize ultrathin defect free GO films on commercially available microporous
polymeric substrates. Characterize surface and cross section morphology of the
membranes.

•

Modulate physiochemical properties of GO by reducing it under controlled conditions.
Characterize the transformation of physiochemical properties of GO and quantify its
impact on permeability-selectivity of the membrane.

•

Establish size exclusion cutoff, retention of various solutes and permeability of the rGO
membrane.

Investigating the behavior in polar organic solvents and selective separation of lignin
model compounds
•

Measure the swelling behavior of GO membrane in water and organic solvent media
using XRD characterization and relate the swelling behavior to permeation of solvent
and selectivity of the membrane.

•

Determine the effective corridor opening of the rGO membranes in hydrated and dry
state.
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•

Investigate the application of the rGO membranes for selective molecular separations
from solvent-water mixture using lignin derived model oligomeric compounds.

•

Quantify the impact of physiochemical properties of rGO membranes, such as O/C
ratio and interlayer spacing, on retention performance using model lignin derived
oligomers.

Understanding Ionic transport, PFOA and produced water treatment
•

Elucidate the underlying mechanism for ionic transport through rGO membranes
through a comprehensive experimental and modeling investigation.

•

Quantify membrane performance for different feed conditions, such as ionic strength,
pH and operating flux, and for different membrane parameters, such as thickness and
extent of reduction or O/C ratio of GO.

•

Develop a model based of extended Nernst Plank equation to fit and explain the
membranes performance under different conditions, such as membrane thickness,
charge density, nature of ions, feed pH, ionic strength, and operating flux.

•

Study produced water treatment by rGO and commercial nanofiltration membranes
with a goal of partial hardness and dissolved oil removal.

•

Investigate the removal of emerging organic pollutant, PFOA, with an emphasis of
developing an understanding towards the underlying exclusion mechanism and
quantify the impact of operating parameters on PFOA removal performance.

Synthesis, characterization and performance of rGO based reactive membranes for removal
of trichloroethylene via oxidative pathway
•

Develop a rGO based reactive membrane platform to enable advanced oxidation in
membrane domain for decomposition of organic contaminants. In-situ synthesize
reactive Fe based catalyst in the rGO domain through functionalization of the domain
with polyacrylic acid, and characterize membranes using advanced techniques to
establish distribution of catalyst across membrane domains.
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•

Investigate

reactive

performance

of

the

membrane

towards

removal

of

trichloroethylene (TCE) via persulfate mediated oxidative pathway. Analyze activation
energy and possible reaction intermediates for persulfate mediated oxidation of TCE.
Removal of naphthenic acids from produce water using catalytic microporous membranes
and commercial polymeric nanofiltration membranes
•

Functionalize microporous microfiltration membrane with reactive Fe nanoparticles for
persulfate mediated advanced oxidation reactions, and quantify the impact of residence
time and temperature on the extent of reaction.

•

Oxidize oil extractible components (naphthenic acids) from high TDS produce water
samples in a convective mode of operation, using reactive microporous membranes.

•

Investigate commercial polymeric nanofiltration membranes for separation of oil
extractible components from high TDS produce water.
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Chapter 3 Experimental and Analytical methods
3.1

MATERIALS
All chemicals used in the study were of reagent grade and were used with no further

purification unless otherwise noted. Graphene oxide was obtained as an aqueous dispersion
(4 mg/ml) from Graphenea Inc. Sodium hydroxide (NaOH), potassium chloride (KCl),
guaiacylglycerol-β-guaiacylether (GGE, “dimer”) and 2,6-Bis[(2-hydroxy-5-methyl
phenyl) methyl]-4-methylphenol (BMP, “trimer”) were purchased from VWR.
Commercial Naphthenic Acids mixture, magnetite particles, potassium persulfate, sodium
chloride, ferrous chloride tetrahydrate, potassium persulfate, ethanol, reagent grade
isopropanol, magnesium sulfate, ferricyanide ([Fe(CN)6]3-), rodamine B labeled
polyethylene glycol with molecular weight of 5000 g/mol, FITC labeled polyethylene
glycol with molecular weight 2000 g/mol, Tris(4-carbazoyl-9-ylphenyl) amine and humic
acid were purchased from Sigma-Aldrich. Acrylic acid, ammonium persulfate, and N,N’methylene bisacrylamide (NNMA) were purchased from Acros Organics. Reagent grade
perfluorooctanoic acids (PFOA, 97% purity) and perfluoro octane sulfonate (PFOS, 98%
purity) were purchased from Alfa Aesar (lot# 10212100) and Matrix Scientific (lot# P29S),
respectively. Potential produced water samples were provided by Chevron Corp. A
commercial-grade polyvinylidene fluoride (PVDF) membrane PV200 from Nanostone
Water Inc. was used as a substrate for the synthesis of the GO membrane. The PVDF
membrane had a pore size in the range of 150-200 nm and a thickness of approximately
110 um coated on a nonwoven fabric. A commercial-grade nanofiltration membrane
NF270 was obtained from DOW Filmtec. Ultrapure water used in all experiments was
purified (resistivity >18 MΩ) using a Purelab flex water purifier obtained from ELGA lab
water.
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3.2

FILTRATION SET-UPS

3.2.1 Dead-end filtration
Dead-end filtration tests were performed in a stainless steel Sterlitech HP4750
stirred filtration cell (Schematically shown in Figure 3-1). Dead-end tests were primarily
conducted to test the permeance of the membranes. Also, for the experimental runs
involving a high recovery of feed solution as membrane permeate, dead-end cells were
used. A typical run would involve filling up the cells with 200 ml of solution as feed. The
filtration cell was pressurized using a nitrogen tank and well-mixed conditions were
maintained using a magnet rotated at 300 rpm.

3.2.2 Cross-flow membrane experiment
Operation in a cross-flow mode enabled to mimic the real-life conditions
experienced by the membrane in commercial modules. In a cross-flow mode of operation,
feed solution moves parallel to surface of membranes under pressure and provides better
control over mass transfer conditions. Performance of membranes under cross-flow
conditions was measured using an in-house designed set-up as shown in Figure 3-1. The
set-up was equipped with two cross-flow cells (Sterlitech CF 016D) assembled in a parallel
configuration. Feed pressure, flow rate and temperature in the filtration cells were
controlled using a bypass, flow control valves, and chiller. Permeate and retentate from the
filtration were recirculated to the feed tank. A typical filtration run was initially operated
in a total recirculation mode for over 12 hours at 5-8 bar and 23OC for the system to reach
the steady-state performance. Furthermore, compared to feed volume (3 liters) only few
ml (5-6 ml per sample) of permeate was sampled during the run, and therefore, composition
of the feed was almost same during a typical run. The effective mass transfer coefficient
was estimated using a correlation showed in Equation 3-1.

… Equation 3-1
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Where, Sh, Re, Sc, Km, dh, L, D and δ are Sherwood number, Reynolds number,
Schmidt number, mass transfer coefficient, hydrated diameter of solute, length of channel,
solute diffusivity and thin film thickness, respectively.
The experimental set up allowed to vary shear conditions on the surface of the
membrane for testing the stability of the GO membranes under shear conditions. By
assuming a fully developed flow between two parallel surfaces of the cross-flow cell,
Navier Stokes equation was solved to estimate the shear stress on the membrane surface,
as shown by Equation 3-2.
𝜕𝜕𝜕𝜕

𝜏𝜏𝑦𝑦𝑦𝑦|𝑑𝑑 = −𝜇𝜇 �𝜕𝜕𝜕𝜕� =
𝑑𝑑

6 𝜇𝜇 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎

…Equation 3-2

𝑑𝑑

Where, 𝜏𝜏𝑦𝑦𝑦𝑦|𝑑𝑑 , µ, V and Vavg are shear stress, viscosity, cross-flow velocity and

average fluid velocity in the channel.

Figure 3-1: Flow diagram of the cross-flow mode membrane filtration set-up. (Right)
Crossflow set-up and (Left) Dead-end filtration set-up.
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3.3

SOLUTE PERMEABILITY ANALYSIS
The diffusive analysis enabled measurements of solute permeability across a

membrane. Diffusive transport of a species across a membrane was quantified using an
automated system, ILC07, obtained from PermeGear. Details for the operation of the
instrument can be found elsewhere [150]. The system was equipped with 7 flow diffusion
cells assembled in a parallel configuration, a high precision peristaltic pump with an
adjustable operational flow rate ranging from 10 µl/min to 770 µl/min, a temperature
control unit and an automated fraction collector (Figure 3-2). Diffusion cells consisted of
a donor chamber (1 cc volume) and collector chamber. The collector chamber was
circulated with carrier phase (solution media) using a high precision pump, and the solution
leaving the collector chamber was collected in sampling vials using an automated fraction
collector. Concentrations of a species in sampling vials were then measured separately to
determine the diffusive flux of the species.
Diffusive transport of a species across the membrane under a concentration gradient
is governed by Equation 3-3.
𝐹𝐹𝑠𝑠 = 𝐵𝐵 × 𝐴𝐴 × (𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (𝑡𝑡) − 𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝑡𝑡))

…Equation 3-3

Where, Fs, B, A, Cdonor(t) and Ccollector(t) are solute flow, solute permeability,

membrane area, the concentration of donor and collector chamber, respectively. To analyze

Figure 3-2: Flow diagram of automated diffusion cells (PermeGear ILC07)
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the performance of the system, change in concentration of the donor chamber with time
during a run was accounted. Following two Equations (3-4 and 3-5) were considered for
analyzing system’s performance.
Mass transfer:
𝐵𝐵 × 𝐴𝐴 × (𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (𝑡𝑡) − 𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝑡𝑡)) = 𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 × 𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝑡𝑡)

…Equation 3-4

Where Fmedia is the flow rate of media being circulated in the collector chamber.
Mass balance:

𝑡𝑡

∫0 𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 × 𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝑡𝑡) × 𝑑𝑑𝑑𝑑 = 𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 × (𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (𝑡𝑡0) − 𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (𝑡𝑡)) …Equation 3-5
Where, Vdonor and Cdonor(t0) are the volume of the donor chamber and initial

concentration of the donor chamber, respectively.
Since, the concentration of the collector chamber is very small compared to the
donor chamber (approx. 3 orders of magnitude lower),
…Equation 3-6

𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑜𝑜𝑜𝑜 (𝑡𝑡) − 𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝑡𝑡) ≈ 𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (𝑡𝑡)

Solving Equations 3-4 and 3-5, yielded an analytical solution for cumulative moles

of samples permeated through the membrane in terms of membrane permeability, as
follow:
𝑡𝑡

𝑁𝑁𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝑡𝑡) = 𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 � 𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝑡𝑡)
0

= 𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 × 𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (𝑡𝑡0) × �1 − 𝑒𝑒𝑒𝑒𝑒𝑒 �

−𝐴𝐴 × 𝐵𝐵 × 𝑡𝑡
��
𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

…Equation 3-7

Where, Ncollector is the number of moles of solute collected in samples vials.
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The instantaneous concentration of the species in the collector chamber is given by
Equation 3-8.
𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝑡𝑡) =

𝐴𝐴×𝐵𝐵×𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (𝑡𝑡0)
𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

−𝐴𝐴×𝐵𝐵×𝑡𝑡

× 𝑒𝑒𝑒𝑒𝑒𝑒 � 𝑉𝑉

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

�

…Equation 3-8

During these experiments, a sample is typically collected over several hours, which

can be correlated to the membrane permeability as follow (Equation 3-9):
𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐−𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =

𝑁𝑁𝑐𝑐𝑐𝑐𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 (𝑡𝑡2 )−𝑁𝑁𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝑡𝑡1 )
𝐹𝐹×(𝑡𝑡2 −𝑡𝑡1 )

…Equation 3-9

A typical diffusion experiment was conducted over a course of four hours. All

seven diffusion cells contained similar membrane samples, three of which were used as
blank controls and four for measurement of diffusive flux. Donor chambers were filled
with 800 ul of solutions and blanks. The collector chamber was circulated with the media
solution at a flow rate of 100 µl/min and, using a fraction collector, samples were collected
over a span of 1 hour each. Concentrations of the collected samples were typically three
orders of magnitude lower than that of donor chambers, and therefore, the flow rate of
media being circulated was adjusted accordingly to ensure that concentrations are above
lower detection limits.
3.4

MEMBRANE PERFORMANCE ANALYSIS

3.4.1 Flux and permeability measurements
Permeation of solvents/water through the membrane was measured by monitoring
the mass of permeate through the RS232 output of weighing scale at a sampling rate of 50
sec-1. Active filtration area for the dead-end and cross-flow cells used in the study were
13.2 and 20.6 cm-1. Flux reported in this study are the steady-state flux. Steady-state flux
was defined as the flux which showed less than 5% deviation in 1 hour. The flux of
solvent/water through the membrane is directly proportional to the transmembrane
pressure, and the slope of the curve (pressure normalized flux) is defined as permeability
(Equation 3-10). The linearity of flux with transmembrane pressure was measured for
operating pressures up to 10 bar. For testing permeability, filtration was initially operated
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at high operating pressure until it reached a steady state, and then pressure gradient was
gradually decreased along with simultaneous flux monitoring.
…Equation 3-10

𝐽𝐽𝑤𝑤 = 𝐴𝐴 × (∆𝑃𝑃 − ∆𝜋𝜋)

Where, Jw, A, dP and dΠ is the water flux, water permeability, operating pressure,

and osmotic pressure difference.

3.4.2 Rejection measurements
Rejection of the solute by the membrane was defined as follow (Equation 3-11):
𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝

𝑅𝑅 = �1 − 𝐶𝐶

𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

…Equation 3-11

� × 100,

Where Cper is the concentration of the permeate and Cfeed is the concentration of the

feed solution.
3.5

MEMBRANE CHARACTERIZATION
Surface morphology of the membranes was studied with scanning electron

micrograms obtained using Hitachi 4300 SEM. Atomic Force Microscopy (AFM) was
used to quantify the surface roughness of the membrane. Cross-section samples of the

membrane were characterized by the scanning electron microscope (SEM) mode on the
focused ion beam (FIB) Helios Nanolab 660. Membrane samples were first coated with a
layer of Platinum for the better cross-sectional cutting. Ga ion beam (FIB) was then
employed to cut through the membrane, generating a cross-section. Thin lamellae of the
membrane cross-section were imaged using transmission electron microscopy (TEM,
Talos F200X or TEM-JEOL 2010F) coupled with energy dispersive spectroscopy (EDS,
Oxford Instrument X-MaxN 80 detector). X-ray photoelectron spectroscopy (XPS)
characterization was conducted using the Thermo Scientific Al K-alpha X-ray
Photoelectron Spectrometer with photon energy of 1486.6 eV. Each XPS spectrum was an
average of five scans. XPS was used to determine the elemental composition of the
membrane surface and across the membrane depth. Changes in the O/C ratio, and C1s
binding energy of GO during thermal incubation were also measured using XPS. Iron
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content was analyzed by inductively coupled plasma optical emission spectrometry (ICPOES, Varian VISTA-PRO) analysis of the nitric acid digested solution of the
nanocomposite membrane samples. Functional groups on GO were probed using
Fourier Transform Infrared Spectroscopy (FTIR, Agilent Cary 630 IR). The spectra
were acquired in the Attenuated Total Reflectance mode at 8 cm-1 resolutions. Zeta-

potential of the membrane surface was analyzed with Anton Paar Surpass 1 Electrokinetic
Analyzer, with a cell gap of around 100 µm. The solution used for the surface potential
analysis was 0.01 M KCl. Contact angle measurements were done using a drop shape
analyzer equipped with high definition camera (Kruss DSA100) by sessile drop technique.

Contact angles of the membranes with water were measured for three independently
synthesized samples at five different locations and average values were reported. A
Chromex Raman 2000 spectrograph (Bruker) with a laser source output at 533 nm was
used to obtain Raman spectrogram. X-ray diffraction (XRD) patterns were obtained using
SIEMENS D500 diffractometer with Al-Kα radiation (λ=1.5418 Å) at an accelerating
voltage of 40 kV and a current of 20 mA. The crystal structure of the iron-based
nanoparticles synthesized in solution phase and the interlayer spacing of GO were

measured using XRD. The specific surface area of the nanoparticles synthesized in

solution phase was measured using a Brunauer–Emmett–Teller (BET, Micromeritics
TriStar 300) analyzer. Graphene oxide dispersion was analyzed for hydrodynamic radius

and surface potential with a dynamic light scattering (DLS, Anton Paar, Litesizer 500).

Pore size and porosity of the PVDF substrate and size of GO sheets from the AFM
images were obtained by processing image with ImageJ software.
3.6

ANALYTICAL PROTOCOLS

3.6.1 Analysis of salts, polymeric probe compounds, dyes, and aromatic
compounds
For single salt solutions, the concentration of the salts was determined using a
conductivity probe (Fisher Scientific 09-330 Traceable Bench). Calibration curves up to
500 ppm with around 5 standards were used in determining salt concentration. Analysis of
mixed salt solutions was done using ICP. Analysis of anions was performed using ion48

exchange chromatography (IC, Thermo Scientific Dionex). The concentration of humic
acids, various dyes and aromatic compounds used for quantifying separation performance
of the membrane were analyzed using a UV-VIS spectrometer (VWR UV-6300PC). The
concentrations of K3Fe(CN)6, Neutral Red and FITC-labeled PEG solutions were measured
at 302 nm, 530 nm, 525 nm, respectively. Polymeric probe molecules, such as dextran and
polyethylene glycol, were analyzed using a total organic carbon analyzer (Shimadzu TOC
5000).

3.6.2 Persulfate analysis
Persulfate analysis was carried out using the Potassium iodide calorimetric
technique as described by Liang et al. [151]. For analysis, 500 µl of persulfate solution was
added to 15 ml of potassium iodide solution (5000 mg/L) in a 20 ml vial and was agitated
for 2 hours.

A calibration curve with seven standards for an absorption peak at a

wavelength of 350 nm was used for quantification of unknown samples.

3.6.3 Naphthenic acids analysis
NA concentrations were determined by the oil extraction method [152,153].
Produced water samples were pre-filtered by filter paper (pore size: 200 µm) before each
experiment to remove suspended solids. For extraction, 35 ml of analyte solution was
extracted with 5 ml of AK225 solvent at pH 2. The concentration of NA in the solvent
phase was measured using Duratech DTIR 970 analyzer. DTIR is an infra-red analyzer
used to measure the infrared energy at a single wavelength (1650 cm-1) that has been
transmitted through the sample. A calibration curve was plotted using commercial NA
solution obtained from Sigma-Aldrich in the concentration range of 5 to 35 mg/L. AK225,
also known as ASHIKLIN (manufactured by Asahi Glass Co., Ltd.), is an environmentally
sensible hydrochlorofluorocarbon (HCFC), thermally stable, and nonflammable solvent.

3.6.4 Trichloroethylene analysis
Trichloroethylene analysis was performed by Gas Chromatography (Varian CP3800) –Mass Spectrometry (Saturn 2200). The samples were extracted with analytical
grade hexane spiked with 30 ppm ethylene dibromide (EDB, as internal standard). Sample
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to extractant ratio was 1:1 by volume. The carrier gas used for the analysis was high purity
helium. Six standards were used to plot the calibration curve used for the quantification of
standards.

3.6.5 Chloride analysis
Chloride analysis was performed using a chloride ion-selective probe (Thermo
OrionTM 900100). Before analysis, ionic strength of samples was adjusted using a
commercial ionic strength adjuster solution (2% by Vol.). Six standards were used to plot
the calibration curve (log(mV) vs. mM chloride) used for the quantification of standards.

3.6.6 Trichloroethylene Oxidation intermediate analysis
Analysis of the intermediates of TCE oxidation was done by Gas Chromatography
(Varian CP-3800) –Mass Spectrometry (Saturn 2200) analysis after derivatization of the
reaction intermediates. Major oxidation intermediates of TCE are carboxylic acids [111].
For derivatization, the intermediates were esterified with hexyl alcohol by conducting
reaction of 10 ml of solution with 500 ppm hexyl alcohol at 60OC for 20 minutes in the
presence of H2SO4 as catalyst. Control runs were also performed with esterification of
acetic acid, to ensure the efficacy of the derivatization protocol. The initial attempt at
analyzing the intermediates by derivatizing them with ethyl alcohol didn’t show any peak
in the GC-MS. A possible reason could be high volatility of the derivatization products
formed after esterification. For example, control run performed with esterification of acetic
acid with ethyl alcohol, which leads to the formation of ethyl acetate (molecular weight:
88 g/mol and boiling point: 77OC), showed no peak under our operating conditions of GCMS.

3.6.7 Perfluoro Octanoic acid (PFOA) analysis
Perfluorooctanoic acid (PFOA) analysis was carried out by following EPA method
537. A UPLC/MS/MS system (Varian ProStar 1200L) equipped with a C18 column and
quadrupole mass spectrometer was used for analysis of PFOA. Gradient elution of 20 mM
ammonium acetate (A) and pure methanol (B) was used as a carrier phase with a flow rate
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of 0.8 ml/min. Initial and final mobile phase composition (after 12 min) were 40% (of A
by vol.) and 95% (of A by vol.)

3.6.8 Analysis of dissolved iron
1,10-phenanthroline is a commonly used ligand used in coordination chemistry. It
can selectively form a colored complex with Fe2+ with an absorbance peak maximum at
509 nm. For iron analysis, standard 1,10-phenanthroline solution (0.1%) was prepared in
0.025 N HCl solution. Calibration was done by monitoring absorbance of the solution at
509 nm after adding different volumes (0.05 to 5 ml) of Fe2+ (60 ppm) solution to 10 ml
standard phenanthroline solution. For analysis of Fe3+, ascorbic acid was added to the
standard phenanthroline solution before the addition of Fe2+. Ascorbic acid reduces Fe3+ to
Fe2+, which can then form a colored complex with phenanthroline. Concentration thus
measured gave the total iron present in the solution. Fe3+ was determined by subtracting
Fe2+ content from the total iron content of the solution. Dilute HCl solution was used to
leach iron immobilized in the FexOy functionalized membrane.

3.6.9 Analysis of phenolic model lignin compounds
A High-Pressure Liquid Chromatograph (HPLC) equipped with a UV detector was
used to analyze the lignin model compounds. A C-18 column was used for the separation.
The mobile phase comprised 65% (by volume) acetonitrile and 35% water. The column
was operated at 303K and at a mobile phase flow rate of 1.4 ml/min. A UV wavelength of
274 nm was used for the analysis.
Size of oligomers was estimated by performing DFT calculations. DFT method was
used to optimize the ground-state structures of the Trimer (BMP) and the Dimer (GGE).
The initial coordinates were taken from making the structures in GaussView 5. B3LYP
functional was used in the Density Function Theory (DFT) calculations [154,155]. We
have used the 6-31G basis set as it was found to be enough to predict reliable structure
[156–160]. The optimized geometries were local minima.
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Chapter 4 Reduced Graphene Oxide (rGO) membrane synthesis and
characterization
4.1

SUMMARY
Reduced Graphene Oxide (rGO) membranes were synthesized on a commercially

available polymeric microporous substrates made of polyvinylidene fluoride and
polysulfone. For membrane synthesis, two commercially scalable techniques of drop
casting and shear assisted casting using wire wound rod were employed, which are
discussed in the first part of the chapter. GO coated on the polymeric substrate was
subsequently reduced by thermal reductions. The second part of the chapter discusses the
chemical changes, such as elemental composition, functionalities, hydrophilicity,
occurring in GO after thermal reductions. Then, characterization of membrane surface and
cross-section using Scanning Electron Microscopy, Transmission Electron Microscopy,
and Atomic Force Microscopy is discussed. Finally, the performance of the GO membranes
was assessed. Water and isopropanol permeability, shear stability, salt and humic acid
rejection, effective pore opening was evaluated. Parts of this chapters are published in
Aher, A., Bhattacharyya, D., et al. Carbon (2017), and Separations and Purification
Technology (2019) [11,80].
4.2

DROP CASTING:
GO membranes were fabricated using aqueous GO suspension (4mg/ml) on

commercial ultrafiltration polysulfone (PS35, Nanostone Water Co.) and polyvinylidene
fluoride (PV200, Nanostone Water Co.) substrates. PS35 had a 30µm thick polysulfone
layer having a mean pore size of 17 nm on a 150 µm thick polyester support and PV200
had an effective pore opening of 110 nm. Before using, the substrate (10x10 cm2) were
first rinsed with deionized water to remove residual glycerol on top of it. After drying in
air, dropwise deposition of 0.2 mg/L GO suspension on the substrate (shematically
represented in Figure 4-1a)was carried out to get a loading of 120 mg/m2. The substrate
has some hydrophilicity due to the presence of additives (Polyvinylpyrrolidone, PVP),
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which helped in spreading of suspension and formed a thin film of GO on the surface. GO
suspension deposited on the substrate was dried in stagnant air. Air dried GO on the
substrate was then incubated in the oven at 90OC for 20 hours. GO coating on the substrate
turned gray from light brown after incubation (Figure 4-1d). The composite film of GO on
the substrate is referred as drop casted GO membrane, henceforth.

Figure 4-1: Schematic representation of a) drop casting and b) wire wound rod assisted
casting technique employed for Graphene Oxide membrane synthesis. Optical images of
GO membranes synthesized by c) wire wound rod and d) drop casting technique. Figure
e shows the optical images of GO membranes after different durations of thermal
reduction at 90OC. Figure f shows viscoelastic behavior of aqueous GO solution (16
mg/ml).
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4.3

SHEAR ASSISTED CASTING:
Shear assisted casting of GO on a polymeric substrate is advantageous, as better

alignment of the sheets on the substrate can be achieved using this technique [20]. Average
lateral dimensions of the GO sheets, as determined by AFM, was 1.7 um with a standard
deviation 0.9 um. GO forms a nematic crystalline phase at higher concentration owing to
its high aspect ratio, and imparts high viscosity to the GO solution (Figure 4-1f). GO forms
a nematic crystalline phase, owing to the high aspect ratio of the atomically thin GO sheets
with large lateral dimensions [161]. Membranes synthesized by shear aligned GO sheets
have yielded high performance in the nanofiltration regime [20]. Therefore, a wire-wound
assisted casting of GO was employed in the membrane synthesis, as schematically
represented in Figure 4-1b.
Prior to membrane synthesis, membranes were thoroughly rinsed with water and
air-dried. The casting was done using a wire-wound rod with a wet film thickness of 7.7
microns. The deposition of GO on the substrate was controlled by using a GO stock
solution of 4 mg/ml, depositing an estimated amount of 30 mg GO per m2 of the substrate.
After depositing the GO solution, the membranes were air-dried. Coating cycles were
repeated 6 times, depositing a net amount of 180 mg GO per m2 of the substrate (Figure
4-1c). Finally, the substrate with coated with GO was incubated in an oven for different
durations at 90OC. The resulting membranes are referred to as reduced GO (rGO)
membranes, henceforth.
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Figure 4-2: Determination of the size of GO sheets. a) AFM characterization of GO
sheets on Silicon Substrate. GO sheets are highlighted in black. b) DLS size
determination of GO sheets for triplicate measurements of same sample
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4.4

RGO MEMBRANE CHARACTERIZATION:

4.4.1 ATR FT-IR spectral analysis
Changes in oxygen-containing functionalities present on graphene oxide during
thermal reduction were probed using infra-red spectroscopy, as shown in Figure 4-3. GO
deposited on a glass substrate was used for the characterization to obtain clear,
distinguishable spectra with a minimal signal from the substrate. Graphene oxide showed
the presence of hydroxyl (3250-3650 cm-1), carboxylic acid OH (2500-3300 cm-1) carbonyl
(1690-1760 cm-1), carboxyl (1650-1750 cm-1), C=C (1500-1600 cm-1) and ether and/or
epoxide (1000-1280 cm-1) groups, and the spectra are consistent with the literature [162].
Changes in functionalities of graphene oxide after different durations of thermal incubation
were monitored. A significant decline in peak intensity corresponding to OH stretching
was observed with increasing duration of thermal incubation. A decrease in the intensity

Figure 4-3: Fourier Transform Infrared spectra of reduced graphene oxide at various
time intervals during thermal incubation at 90OC.
56

corresponding to OH stretching suggested a loss of bulk water and dehydration by the loss
of OH functionalities. Peak intensity corresponding to epoxy functionalities also declined
significantly during thermal incubation of graphene oxide.
GO has domains of sp3 and sp2 hybridized carbon atoms. sp3 hybridized carbon
atoms contain functionalities such as hydroxyls and epoxides. GO is hygroscopic in nature
and sorbs water on the oxygen-containing functionalities [163]. Thermal incubation of GO
at moderate temperature (~100OC) is expected to remove the bound moisture [164]. A
decrease in the intensity of the hydroxyl and epoxy functionalities was anticipated during
thermal incubation [58]. However, complete removal of hydroxyl functionalities from the
GO sheets is estimated to require a temperature in excess of 650 OC. In a study by Jeong et
al., thermal incubation of GO was able to decrease the O/C ratio of GO from 0.39 to 0.1
after 10 hours of annealing at 200OC [165].
Contact angles of the rGO membranes with water were also measured to investigate
the impact of the extent of reduction of GO on the hydrophilicity of the membranes. The
contact angle increased from 33O (as prepared) to 79O (22h 90OC) to 83O (164h 90OC)
indicating a decrease in the hydrophilicity with increasing thermal incubation time again
confirming the increased extent of GO reduction.

4.4.2 XPS analysis
Elemental composition and C1s binding energy were measured for GO at various
stages of reduction using XPS. A gradual decline in the O/C ratio of GO was observed after
thermal incubation at 90OC, as shown in Figure 4-4 a. O/C ratio of the membrane declined
from 0.46 for non-incubated GO to 0.25 after 164 h of thermal incubation. This decreasing
trend in the GO oxygen content signifies the increasing extent of GO reduction with time
of thermal incubation. Binding energies associated with C1s electrons were also
determined for GO membranes at various extents of reduction (Figure 4-4 b, c, d, e, and f).
The C1s spectra were deconvoluted into three peaks: C-C (284.7 eV), C-O (286.8 eV) and
C=O (288.5 eV). A notable decline in the peak intensity associated with C-O binding
energy was observed with increasing duration of thermal incubation. This suggests a loss
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of epoxy and hydroxyl functionalities present on the basal plane of GO, and is consistent
with the literature [165].

Figure 4-4: Change in oxygen content and C1s binding energy of reduced Graphene
Oxide after different durations of thermal incubation at 90OC as determined by X-ray
photoelectron spectroscopy. Figure a shows the change in O/C ratio. Figures b, c, d, e
and f show the change in C1s binding energy after thermal incubation for 0, 3, 22, 55
and 164 hours, respectively.
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4.4.3 Raman Spectra
Raman spectroscopy was used to confirm if any partial reduction was occurring
during baking. D (at 1350 cm-1) and G (at 1580 cm-1) bands are observed for carbonaceous
material. G band (the E2g mode of sp2 carbon) is observed for all graphitic structures,
whereas D band (symmetric A1g mode) are from the disorder induced vibrational mode.
Relative intensities of D to G has been reported as an indication for reduction of graphene
oxide [65]. We observed that the intensity ratio for D/G band increased after thermally
incubation of GO membranes as shown in Figure 4-5, further indicating the reduction of
graphene oxide membrane. A similar reduction of GO membrane was reported for GO
treated at 200oC [62].

Figure 4-5: Raman spectra of air dried GO membrane (1) and baked GO membrane
(2).
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4.4.4 Scanning electron and atomic force microscopy:
Surface morphology of the membranes was studied with Scanning Electron
Microscopy (SEM) and Atomic Force Microscopy (AFM). Top surface of the substrate
used in the study showed the presence of pores with an average radius of 105 nm and a
standard deviation of 5 nm (Figure 4-6a). Complete coverage of the substrate was observed
after coating GO on the substrate (Figure 4-6b). Coated GO layer showed the presence of
wrinkles, which are typically observed on the surface of GO membranes. Microstructure
of the membrane cross section is shown in Figure 4-6c. A thin coating of GO can be seen
on a micro porous substrate. In order to determine the thickness of the coated GO layer,
focused ion beam was used to prepare a sample of membrane cross section. A protective
coating of platinum was deposited on the membrane surface and the sample was milled
using a gallium beam (Figure 4-6d). For a coating of 60 mg/m2, the thickness of the GO

Figure 4-6: Surface and cross section morphology of graphene oxide membranes (60
mg/m2). a) Scanning Electron Microscopic image of Polyvinylidene substrate (PV200
Nanostone Water Co.) and b) after coating GO on the membrane surface. c and d) Cross
section of Graphene Oxide membranes. e and f) Surface morphology of substrate before
and after coating of graphene oxide determined using Atomic Force Microscopy.
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coating was 70 nm. Substrate after coating GO appeared smooth, which was quantified by
measuring surface roughness using atomic force microscopy. Substrate had a roughness of
130 nm, and it reduced to 78 nm after coating GO (Figure 4-6 e, f).

4.4.5 X-ray diffraction (XRD) pattern:
The magnitude of the interlayer spacing between the deposited sheets of GO is
determined by electrostatic forces and pi-pi stacking forces. With the increasing extent of
reduction, the sp2 domain on GO is restored to some extent, reinforcing the attractive forces
between the deposited GO sheets and reducing the interlayer spacing. The spacing between
the deposited sheets of GO can be determined using X-ray diffraction. X-ray
diffractograms of GO show a sharp peak (D001) corresponding to the interlayer spacing
between the GO sheets. In this study, the shift in the D001 peak was monitored to probe

Figure 4-7: Interlayer spacing of reduced Graphene Oxide laminates with varying
degrees of reduction determined by X-ray diffraction. The extent of Graphene Oxide
reduction was controlled by the duration (X-axis) of thermal incubation at 90OC.
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the changes in the interlayer spacing (Figure 4-7). The interlayer spacing of GO in the dry
state declined from 9.3 Å to 8 Å after 164 h of thermal incubation at 90OC. Transport of
water and solutes through GO membranes occurs through the spacing between GO sheets
and the structural defects present in the nano-porous domain of GO [51,78]. The separation
performance of GO is determined by its interlayer spacing, and GO membranes possessing
a higher degree of reduction have shown improved separation performance owing to higher
steric hindrance to the transport of molecules [24].
4.5

ZETA POTENTIAL:
As stated, performance of the Graphene Oxide membranes lies in the range of loose

nanofiltration. Retention of solutes by nanofiltration membranes is significantly driven by
density of charged functional groups and effective pore size of the membrane. One

Figure 4-8: Surface zeta potential of the graphene oxide membrane and commercial
NF270 (DOW-FILMTEC) membrane measured at different pH using 10 mM KOH as
electrolyte. Graphene Oxide was thermally reduced by incubating at 80OC for 24 hours.
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effective way of characterizing the density of charge functional groups is through zeta
potential measurements. Potential on the surface of membranes is caused due to the
formation of electrical double layer, and is dependent on the surface functional groups and
their response to feed conditions, such as pH and type of salts. GO sheets, being decorated
with carboxylate groups, has a negative zeta potential at neutral pH. Zeta potential of the
membrane measured for different pH is shown in Figure 4-8. Zeta potential of the
membrane was -24 mV at pH 7 using 0.01 M KCl as electrolyte. Upon lowering the pH to
3.5, zeta potential dropped to -13 mV. The decrease in Zeta potential at lower pH is
expected due to protonation of carboxylic groups. Even at pH of 3.5, significant negative
potential was observed suggesting that only partial protonation of carboxylate group. Zeta
potential of the commercial nanofiltration membrane, NF270 (DOW FILMTEC), was also
measured. NF270 had a zeta potential of -28 mV at pH 7. Zeta potential of the membrane
dropped to -4 mV at pH 3.
4.6

LIMITS OF SHEAR STABILITY IN AN AQUEOUS ENVIRONMENT
Shear stability of rGO membranes in aqueous environment has been identified as

one of the challenge limiting its commercial application [70]. Membrane surface typically
experiences a shear stress exerted by the solvent (typically in the range of 0.25 to 4 Pa for
water as the solvent) under crossflow conditions in membrane modules [69]. It is important
to demonstrate the limits of shear stability of the synthesized rGO film, as rGO from the
active layer is dispersible in water. Incubation of GO at 80-90°C for 24 hours, prevented
GO flakes detaching from the supporting substrate. To mimic the actual conditions for
membrane applications, permeability and salt rejection of GO membrane was monitored
in the crossflow setup for 20 hours, under an estimated shear stress of 1.7 Pa, exerted by
water. A constant permeability of 3.2 LMH/bar and a rejection of 21% for 1000 ppm
MgSO4 were observed over 20 hours, as shown in Figure 4-9. Insert in Figure 4-9 shows
the pure water flux of the membrane under varying shear stress conditions for rGO
membrane. Stable water flux and rejection was observed over the course of experiment. A
control study with the air dried GO membrane showed a rapid increase in the permeability
(to 178 LMH/bar), suggesting the loss of GO from the top surface.
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GO is readily dispersible in water due to the presence of hydrophilic functionalities
like carboxyl, epoxy and hydroxyl functionalities on the basal plane of the graphene oxide.
The GO basal plane consists of hydrophobic domains containing sp2 hybridized carbon
while the hydrophilic domain consisting of oxygen-containing functionality. On baking of
the graphene oxide membranes, partial reduction of GO was observed. The π-π interaction
between the adjacent GO flakes in the stack is likely to have enhanced due to increase in
the sp2 domain with the reduction of GO. Thus, giving integrity to the GO membrane under
shear exerted by water.

Figure 4-9: Shear stability of graphene oxide membranes measured in a cross flow
mode of operation for an operational shear of 1.7 Pa. Stability of the membrane was
measured by monitoring rejection of Magnesium Sulfate (1000 ppm). Filtration was
operated at 3 bar. Insert shows the water flux of GO membranes under different shear
rate exerted by water for a transmembrane pressure gradient of 2 bar.
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4.7

PURE WATER PERMEABILITY:
Initial testing of membrane performance was done by measuring the response of

pure water flux to the operating pressure gradient across the membrane. Pure water
permeability tests with membranes having a loading of 3, 6, 18, 30 and 300 mg/m2 of GO
synthesized by wire wound rod assisted casting and with commercial nanofiltration
membranes (DOW FILMTEC NF270) were conducted. All membranes exhibited a
proportional increase in flux with the applied pressure gradient for investigated range up
to 13 bar (Figure 4-10). Corresponding permeability of the GO membranes were 12, 5, 6,
3 and 1.8 LMH/bar, respectively. NF270 had a pure water permeability of 14 LMH/bar.
Permeability of the GO-based membranes is inversely proportional to the amount of GO
coated on the substrate, as resistance of GO layers dominates the overall resistance offered
by membrane for the flow occurring through the membranes [46].
The pure water permeability of GO membranes can be analyzed by a resistance in
series approach, which assumes the resistance of GO layer increases linearly with the
amount of GO coated on the substrate. The net resistance offered for water to flow through
GO membrane can viewed as a sum of resistance offered by the substrate and deposited
GO layer on top of it. With the increasing amount of deposited GO, the net resistance will
increase and will lower the flux of water at a constant pressure. The resistance in series
approach can be mathematically expressed as in Equation 4-1.
∆𝑃𝑃

𝐽𝐽𝑤𝑤 = 𝐴𝐴𝐴𝐴(𝑅𝑅

𝑚𝑚 +𝑅𝑅𝑐𝑐 )

…Equation 4-1

and, 𝑅𝑅𝑐𝑐 =∝× 𝑊𝑊

Where, ∆𝑃𝑃 is pressure gradient, A is membrane area, 𝜇𝜇 is viscosity of fluid, Rm is

the substrate resistance, Rc is the resistance of GO layer, ∝ is specific resistance of GO

layer and W is amount of GO layer deposited on unit area. Analysis yielded a specific
resistance of 0.0016 bar/LMH per mg/m2 loading of GO.

The specific resistance offered by deposited GO layer is a function of its chemical
composition and alignment of GO sheets [47]. Akbari, Bhattacharyya, Majumder, et al.
have demonstrated that resistance of GO layer can be lowered significantly by aligning GO
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sheets [20]. Ideally, ultrathin and aligned layer of GO comprising of only few GO sheets
is desired, to achieve high performance. However, underlying substrate has some intrinsic
surface roughness, and therefore, necessitates a minimum thickness of GO layer to ensure
defect free coating of GO. Attempts to synthesize membranes with GO layer coating less
than 18 mg/m2 yielded membranes with poor separation performance.

Figure 4-10: Pure water permeability of Graphene oxide membranes with different
loading of Graphene Oxide. Method of synthesis: Wire wound rod casting. Graphene
Oxide was thermally reduced by incubating at 80OC for 24 hours.
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4.8

IMPACT OF THE EXTENT OF GO REDUCTION ON ISOPROPANOL-WATER MIXTURE

PERMEABILITY

The impact of the extent of reduction on the performance of rGO (90OC-WW)
membranes was initially tested by measuring the membrane permeability. rGO (90OCWW) membranes reduced to different degrees exhibited a linear increase in flux with
increasing operating pressure gradients. rGO (90OC-WW) membrane permeability
(viscosity corrected) declined with the increasing extent of GO reduction (Figure 4-11).
Also, it can be noted that 10% (by vol.) IPA in water didn’t significantly change the
permeability of the membrane. Change in O/C ratio of rGO is also shown in Figure 4-11,

Figure 4-11: Comparison of water and isopropanol-water (10% v/v) mixture
permeability (Viscosity corrected) of the rGO (90OC-WW) membranes with extent of
GO reduction. The latter was controlled by the duration (X-axis) of thermal incubation
at 90OC. rGO loading on the substrate = 300 mg dry GO/m2. Membrane area = 13.2 cm2.
T = 22°C, pH = 6.2.
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which could be used to quantify the membrane permeability. Molecular transport through
rGO membranes occurs through the interlayer spacing/channels. The change in flux of the
rGO membranes is likely to be influenced by several factors, such as interlayer spacing of
GO, the thickness of the active layer, the hydrophilicity of the membrane, and surface
roughness. In the case of flow-through nanochannels, the flux of solvent is proportional to
the third power of the interlayer spacing, provided the boundary conditions are the same
[51]. XRD characterization showed a decline in interlayer spacing with increasing extent
of reduction, which can potentially impact the thickness of the rGO layer. Also,
hydrophobicity of the GO increased with the increasing extent of reduction of GO. No
significant change in the surface roughness of the membrane was observed. The
membranes had an average roughness of 69 nm with a standard deviation of 18 nm. The
decline in the permeability of the membrane can be attributed to a combination of a
decrease in interlayer spacing and increase in membrane hydrophobicity
4.9

SALT RETENTION BY REDUCED GRAPHENE OXIDE MEMBRANES:
Graphene oxide membranes are negatively charged and has an effective pore

opening of 1.2 nm. The effective pore opening of the GO membranes is significantly larger
than the hydrated radius of ions. As the pore opening is larger than hydrated radius, steric
hindrance to the transport is significantly lower. Charge repulsion forces between charged
surface and anions exists, which are expected to have significant contribution to the
retention of salts.
Salt retention by GO membranes was evaluated using sodium chloride, sodium
sulfate, magnesium chloride, and magnesium sulfate, with a feed concentration of 10 mM
and at an operating flux of 30 LMH. Corresponding rejection of the four salts were 24, 20,
and 3%, respectively at 38% recovery (Figure 4-12a). Control study under similar
experimental parameters conducted with NF270 showed higher retention of the
investigated salts as compared to GO membranes (Figure 4-12b). The observed trend in
salt retention by GO membranes indicates that salt rejection is primarily driven by charge,
as the retention of divalent calcium in the case of CaCl2 feed was very small. Lower salt
retention by GO membranes can be advantageous in some applications requiring high
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recovery of water, as it decreases the fouling potential of membranes caused by hardness
precipitation [166].

Figure 4-12: Retention of salts by (a) graphene oxide membranes and (b) commercial
nanofiltration membrane (NF270 Dow Film Tec). Salt retention was measured in a
dead-end mode of operation with 10 mM feed concentration operated at 30 LMH
solution flux. Operating pressur: 10.3 bar. c and d) Humic acid solution flux and
retention of humic acid by graphene oxide membranes. Humic acid retention was
measured in a dead-end mode of operation with 25 ppm feed concentration. Operating
pressur: 10.3 bar
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4.10

RETENTION OF HUMIC ACIDS BY GRAPHENE OXIDE MEMBRANES:
As the performance of the graphene oxide membranes lies in the range of loose

nanofiltration regime, these membranes can potentially remove natural organic matter
present in water. As a model compound of natural organic matters, rejection of humic acids
by GO membranes was tested. The tests were conducted in a dead-end mode of operation
with 25 ppm humic acids feed. GO membrane rejected 80% of humic acids (Figure 4-12
c). During the experiment, a decline in flux by 17% was observed after 1.5 hours of
operation (Figure 4-12 d). After the run, the membrane was rinsed with pure water and was
tested for pure water flux. Flux recovery after the run was more than 95%. Removal of
humic acids by GO is expected to be driven by steric hindrance and charge interactions.
Humic acids are anionic macromolecules and are expected to be retained by GO
membranes through steric hindrance. Partial permeation of humic acids through the
membranes can be attributed to the polydispersity in the molecular weight of humic acids.
Thus, removal of humic acid by GO membrane suggests catalytic domain embedded
beneath top GO layer has a significantly lower concentration of humic acids, and therefore,
lower interference of these molecules in the oxidation reactions can be expected.
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Chapter 5 Behavior of Graphene oxide membranes in water and
isopropanol, and selective molecular separations of high value phenolic
compounds
5.1

SUMMARY:
Selective separation of lignin depolymerization products is key to fractionating and

isolating high-value aromatic compounds from the depolymerization process. The primary
aim of this study was to investigate the behavior of rGO membranes in polar organic
solvent and quantify the selective separations of lignin oligomeric units from polar organic
solvent-water media, graphically represented in Figure 5-1. First, behavior of the rGO
membranes in water and polar organic solvent (Isopropanol, IPA) was investigated.
Membranes exhibited exceptionally high permeability of 21 LMH/bar for pure IPA as

Figure 5-1: Schematic representation of separation of model lignin oligomeric
compounds using rGO membranes
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solvent, and the flux declined significantly in the presence of mositure. Extensive size
exclusion studies conducted with dyes and dendrimer molecules showed an effective pore
size of 1.3 nm for rGO membranes in contact with water. Second, molecular separation of
lignin oligomeric compounds was investigated using model phenolic compounds: trimer
BMP

(2,6-bis[(2-hydroxy-5-methyl

phenyl)

methyl]-4-methylphenol)

and

dimer

(guaiacylglycerol-β-guaiacylether). Impressive performance with the rejection of over
70% for the trimer (BMP) was achieved compared to only 20% rejection for the dimer
(GGE) with isopropanol-water (90%-10% by volume) as a solvent. This corresponds to an
encouraging selective separation with selective permeation of dimer (GGE) 3.5 times
higher compared to trimer (BMP). rGO membranes exhibited a stable performance over
84 hours of operation at a shear rate of 1.1 Pa in a cross-flow mode of operation. Selective
separation by rGO membranes can be effectively modulated by controlling the O/C ratio
by the extent of reduction of GO; indeed, the retention of trimeric compounds increased
with increasing GO reduction. The remarkable performance of GO membranes could
enable energy-efficient fractionation of lignin oligomeric compounds from polar organic
solvents. Contents of the chapters are partly published in Aher A., Bhattacharyya D., et
al. Carbon (2017) and Separation and Purification Technology (2019) [11,80].
5.2

INTRODUCTION
Lignocellulosic materials, the most abundant biopolymers, serve as a valuable

source of energy and other value-added chemicals [16,17]. Lignocellulosic biomass
consists of three types of biopolymers: cellulose, hemicellulose, and lignin. Among these
biopolymers, lignins are the aromatic, water-insoluble polymers, which are a valuable
source of aromatic compounds (such as vanillin) [167]. Refining lignins remains a subject
of considerable research interest, which involves milestones such as efficient
depolymerization and separation of products [168,169]. Technologies, such as
hydrogenolysis and pyrolysis, have been effectively implemented for the deconstruction of
lignins. However, homogeneous deconstruction of lignins with products of narrower
molecular weight distribution remains a challenge [18]. As the products after the
deconstruction of lignins have non-homogeneous molecular weight distributions,
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fractionation and purification of the product streams are vital to the recovery of high purity
fine chemicals.
Lignin depolymerization by catalytic hydrogenolysis is realized in protic organic
solvents, such as isopropanol-water mixtures [170]. The typical products of lignin
depolymerization consist of monomers and oligomers. The efficient use of lignins as a
source of fine chemicals requires a highly selective process for separating components after
the depolymerization step [171]. Membrane technologies have found applications in the
recovery of value compounds [172]. Use of Organic Solvent Nanofiltration (OSN)
membranes provides a non-thermal approach for the separation of organic molecules from
solvents [6]. OSN membranes can retain organic molecules with molecular weights from
300 Da. Separation of lignin oligomeric compounds by commercial OSN membranes was

Figure 5-2: The phenolic model compounds used in this study. Dimer:
Guaiacylglycerol-β-guaiacylether

(GGE),

Trimer:

phenyl)methyl]-4-methylphenol (BMP)
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2,6-Bis[(2-hydroxy-5-methyl

successfully achieved by Werhan et al. [173]. Sultan et al. demonstrated the fractionation
of lignin-derived oligomeric compounds using a cascade of OSN membranes with different
molecular weight cutoff [19]. However, better selectivity (sharp molecular weight cutoff),
higher permeance and long term stability of OSN membranes are essential for efficient
application of OSN technology for separation of key components.
In this study, the application of rGO membranes to selective separations of model
lignin oligomeric compounds was investigated. The main aim of the study was to
understand the rejection behavior of rGO membranes towards the separation of model
phenolic dimers and trimers. The objectives of the study were: 1) Synthesis of stable rGO
membranes with the controlled extent of GO reduction 2) Quantify the impact of reduction
on the chemical structure of GO and membrane performance 3) Quantify the permeation
and rejection performance of the GO membranes in IPA and water as solvents 4) Quantify
the performance of rGO membranes towards the separation of model lignin oligomers
using model phenolic dimer and trimer compounds (Figure 5-2). To achieve the stated
goals, stable GO membranes were fabricated on a microporous polymeric substrate using
a wire-wound assisted casting approach or pressure assisted filtration, followed by a
controlled thermal reduction. Our findings suggest that water adsorption on the GO surface
is a critical factor that controls the flux and sieving effect of the GO membrane. For GO
membranes, the previous history of contact with water or highly hydrophilic molecules is
a major factor for their performance. Reduction of GO membranes was effectively
employed for tuning separation performance of GO membranes towards the separation of
trimers. Selective separation of model lignin dimer and trimer compounds by rGO
membranes was also investigated. This understanding would facilitate the application of
rGO membranes for separation and recovery of high-value lignin-derived oligomeric
compounds.
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5.3

ROLE OF WATER SORPTION ON GO IN PERMEATION OF IPA
Permeance of IPA through rGO (24h-90OC-PAF) membrane was monitored in

“dry” and “wet” state of GO. Dead end filtration cell was preheated to 120OC to remove
any residual water before starting the experiment. Cell was then filled with ultrapure IPA
for the permeability measurement. In this case, the permeability of isopropanol for the dry
rGO (24h-90OC-PAF) membrane was 20.1 LMH/Bar. Next, the membrane cell was
washed with DI water and permeability of 1.6 LMH/bar for IPA was observed (Figure 5-3)
Finally, a control test was conducted to measure the permeability of clean polymeric
substrate membrane in isopropanol. A permeability of 88 LMH/Bar was observed, which

Figure 5-3: Flux as a function of driven pressure for rGO (24h-PAF) membrane in dry
and wet states. Insert: Flux of IPA through “dry” and “wet” GO membranes, and water,
normalized by steady state flux of water for three independently synthesized
membranes. Standard deviations for normalized IPA flux through “dry” and “wet” GO
membranes are 7% and 8.5% respectively.
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is smaller than the permeability for water (260 LMH/Bar), but still significantly larger than
the measured isopropanol permeability of rGO (24h-90OC-PAF) membrane. The data from
control test demonstrated that the measured permeability of rGO (24h-90OC-PAF) in
isopropanol reflects the property of the GO membrane, rather than the permeability of
underneath polymeric substrate.
A considerable drop in IPA flux was noticed when the GO membrane was contacted
with water as shown in Figure 5-3. IR spectroscopy on the GO membrane demonstrated
when the thermally incubated GO membrane was contacted with water for 15 min, its IR
spectrum changed from the dry state to wet state. Therefore, based on the IR spectra of GO
it was hypothesized that the flux decay of GO membrane is likely due to the slow hydration/
adsorption of water on the surface of GO sheet [35]. To further test this hypothesis, we
obtained the IR spectra of dry GO membrane and the IR spectra of the GO membrane
soaked in isopropanol. Dry GO membrane soaked in isopropanol was placed in a stream
of pure nitrogen for 4 hours before acquiring the spectrum. The spectrum was similar to
that of the dry GO membrane, with no isopropanol-specific asymmetric CH3 stretching at
2960 cm-1 [174]. Hence, this IR study reveals that the isopropanol does not form a stable
adsorbates on the GO sheet surface at room temperature. Recent works of Lai group also
showed that the inter-layer distance for the isopropanol soaked GO membrane and the dry
GO membrane are the same at room temperature indicating no isopropanol adsorption
[175].
As we know, permeability is inversely proportional to the viscosity of the liquid at
a given pressure. The viscosity of water and isopropanol is 0.895 cP and 2.038 cP,
respectively at 25OC [176]. So for a given channel dimension, the flux for IPA should be
lower than that of water. This is indeed the case for “wet” rGO (24h-90OC-PAF)
membrane. The viscosity of water is 56% less than the viscosity of isopropanol. Our data
also showed that the flux of isopropanol is 58% less than the flux of water (Figure 5-3a,
Insert), which clearly indicates that the liquid viscosity accounts for the measured
difference in water/isopropanol flux for wet rGO (24h-90OC-PAF) membrane. Observed
high flux of IPA in “dry” GO in comparison with water flux (or IPA flux in “wet” state of
GO membranes) could be explained by narrowing of effective pore size of the GO
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membranes (according to Hagen Poiseuille equation) when contacted with water because
of the formation of the stable adsorbates layer. This further strengthens our hypothesis.
If the hypothesis is correct, then one can infer that for isopropanol with water
content, the stabilized flux would be the same as the anhydrous isopropanol passing
through a “wet” rGO (24h-90OC-PAF) membrane. This inference is based on the fact that
water molecules in isopropanol will adsorb on the GO channel surface, leading to the
reduction of the effective pore size and a decrease in the isopropanol flux. To test this
inference, the flux of the isopropanol/water mixture with 5 and 25% mass of water was
measured and Figure 5-3 shows the observed flux profile. A significant decrease in the flux
of mixture was observed as compared to anhydrous IPA and the permeability decayed to
1.9 LMH/Bar. At 10.34 Bar, its corresponding flux (cross) is plotted together with the
isopropanol flux (diamond) of wet state rGO (24h-90OC-PAF) membrane at 10.34 Bar in

Figure 5-4: Steady state IPA permeability through “dry” and “wet” rGO (24h-90OCPAF) membrane, and water permeability for three repeated cycles showing the
reversible nature of the GO membranes between “dry” and “wet” state
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Figure 5-3. The two symbols in the figure overlap, which indicates their permeabilities are
similar.
For further validation of the hypothesis, the IPA flux of the rGO (24h-90OC-PAF)
membrane in the “dry” and “wet” state for three cycles. Initially, anhydrous IPA was
passed through the membrane followed by water and again IPA. Flux was monitored for
each pass in the cycle. After completion of the cycle, rGO (24h-90OC-PAF) membrane was
dried by solvent exchange and baking. Similar behavior was observed for the following
cycles further validating the hypothesis as shown in Figure 5-4. In summary, the
permeability for water remains at a constant value, which is irrelevant to what solvents it
had contacted. In contrast, the permeability of isopropanol for the rGO (24h-90OC-PAF)
membrane has two different values. For dry rGO (24h-90OC-PAF) membrane, the
isopropanol permeability was 20.1 LMH/Bar, it drops significantly if the membrane had
been in contact with water.
5.4

X-RAY DIFFRACTION ANALYSIS
D(001) diffraction peaks of the GO membranes showed a decrease in interlayer

spacing from 9 Å (for air dried GO membranes) to 8 Å (for thermally incubated GO
membranes) after incubation process (Figure 5-5). The interlayer spacing of the GO sheets
in the GO membranes is controlled by the attractive forces of the sp2 domains and repulsive
forces of the negative carboxylate groups. The decrease in the interlayer spacing after
baking is likely due to the enhanced interaction of the sp2 domains due to the partial
reduction of GO. The thermally incubated GO membranes, when soaked in water and IPA,
showed an interlayer spacing of 12 Å and 8 Å, respectively. Interlayer spacing increased
by ≈4 Å after soaking the membranes in water, suggesting intercalation of water molecules.
The GO membranes soaked in IPA didn’t show any significant increase in interlayer
spacing and is consistent with the literature [175]. Interestingly, GO membrane which was
initially soaked in water, retained an interlayer spacing of 12 Å after soaking in IPA,
suggesting IPA molecules are unable to displace the water molecules intercalated in the
GO sheets.
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Transport of fluid through GO membranes occurs through the channels between
GO sheets, inter-edge spacing and wider openings due to wrinkles [51]. During the process
of drying, the GO membranes develop defects in the microstructure leading to the
formation of wider corridors [177]. Formation of disordered structure of the GO laminates
during synthesis by a similar approach of vacuum filtration, was recently shown by Akbari
et. al. [20]. Corridors formed from these defects offers less resistance to the flow and are
suspected as a major pathway for transport of water [51]. Gao et. al. demonstrated
narrowing of these wider corridors (surface wrinkles) when an extensive amount of water
is passed through the membranes [76].
According to Hagen Poiseuille equation, the flow of fluid between parallel surfaces
is proportional to the fourth power of the channel spacing and is inversely proportional to
the corridor width and is inversely proportional to the viscosity. Higher channel width was

Figure 5-5: XRD of rGO (24h-90OC) membranes. 1) thermally incubated GO soaked
in IPA, 2) thermally incubated GO soaked in water, 3) thermally incubated GO, 4) Air
dried GO
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observed for GO membranes in contact with water as compared to the one in contact with
IPA. The higher flux of IPA through dry GO membranes suggest interlayer channels are
possibly not the primary route for transport of the solvents, and other pathways, such as
surface wrinkles and inter-edge spaces, plays a vital role in the transport of solvent.
Therefore, size exclusion studies were carried out using various dyes and dendrimers with
an objective to measure the effective pore size for the flow of fluids in the dry and wet state
of the GO membranes.
5.5

REJECTION OF DYES: TO QUANTIFY THE EFFECTIVE PORE SIZE FOR “DRY” AND

“WET” STATE OF THE GO MEMBRANES
Rejections of a series of dye molecules in both aqueous solutions and isopropanol
solutions was measured for the rGO (24h-90OC-PAF) membranes. The obtained rejections
data are plotted in Figure 5-6. For these dye molecules, the size of Mg2+, Fe(CN)63- ion,
Neutral red (NR), Rhodamine 6G (R6G) is 0.8nm, 0.9nm, 1.26nm, 1.6nm, respectively
[178–181]. The sizes of FITC-labeled Polyethylene glycol (PEG2k-FITC, MW 2000) and
Rhodamine B-labeled polyethylene glycol (PEG5k-RB, MW 5000) were measured by
dynamic light scattering. Size corresponding to 90% rejection of the solute was defined as
the pore size in our study. Figure 5-6 shows reduction of effective pore size from 3.3 nm
in dry state to 1.3 nm in wet state. For wet rGO (24h-90OC-PAF) membranes, effective
pore size was still ~1.3 nm when isopropanol was passed through the membrane. Rejection
of Neutral red, TCTA and Bromophenyl blue for the wet state of the membrane using IPA
as the solvent also showed an effective pore size of 1.3 nm. Rejection of the solute by GO
membranes can be influenced by the charge on the solute. GO is negatively charged and
rejection of the positively charged species will be lower as compared to the negatively
charged species according to the Donnan exclusion principle. In our study, we used a series
of molecules with different charge (Neutral: Neutral red, TCTA, PEG; Negative:
[Fe(CN)6]3-, Bromophenyl blue; Positive: Mg2+, Rhodamine 6G). A negligible deviation
of the solute rejection from the trend line irrespective of the charge on solute suggesting
charge didn’t significantly influence the rejection. The change in selectivity in dry and wet
state serve as an additional reference for the observed change in permeability of the
membrane. The rejection of NR was 84% in aqueous solution (and IPA for the wet state),
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whereas nearly 0% in isopropanol (dry state). For the same molecule, this decrease in
rejection indicates the increase of effective pore size of the GO membranes. To the best of
our knowledge, this behavior has not been quantified in the literature.

Figure 5-6: The rejection curves for aqueous solutions passing through, a) wet state
rGO (24h-90OC-PAF) membrane, and b) isopropanol solutions passing through dry
state rGO (24h-90OC-PAF) membrane. Abbreviations in the plots: R6G: Rhodamine
6G, NR: Neutral Red, PEG5k-RB: Rhodamine B labeled-polyethylene glycol with
molecular weight of 5000 g/mol. PEG2k-FITC: FITC-labeled polyethylene glycol with
molecular weight of 2000 g/mol. TCTA: Tris(4-carbazoyl-9-ylphenyl)amine. The sizes
of PEG5k-RB, PEG2k-FITC are the hydrodynamic diameters measured from dynamic
light scattering. Sizes of TCTA and bromophenyl blue are measured from molecular
structures.
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Based on the observations (flux profiles of IPA in dry and wet state of GO, XRD
characterization, size exclusion study) and existing literature on transport of fluid through
GO membrane, it was proposed that when GO membranes are contacted with water, wider
openings from the defects are narrowed by the formation of stable water sorbates and
collapse of microstructural defects, such as shrinking of surface wrinkles, reducing its
effective pore size. When the anhydrous IPA is passed through the membrane, no stable
sorption occurs due to the weaker hydrophilic interactions. Therefore, GO membranes have
a wider corridor opening resulting in high permeability for anhydrous IPA in “dry” state.
However, in the presence of moisture in IPA, water forms stable adsorbates on the GO
sheets and heals the microstructural defects to a greater extent, reducing the effective pore
size to 1.3 nm and lowering its permeability. Recovery in IPA flux to its initial high value
after drying the GO membranes, and IR spectra suggested the loss of bulk water from the
GO laminates, which further supports the argument that the decrease in effective pore size
and flux is closely associated with the presence of water in the GO laminates.
5.6

FLUX DECAY OF GO MEMBRANES
The flux of rGO (24h-90OC-PAF) membrane was observed to be time dependent

and required considerable time to reach a steady state flux (Figure 5-7a). For comparison,
the flux of a commercial Dow NF270 as a function of time was also monitored. The
exponential decay model was employed to calculate the final asymptotic (steady state) flux
for rGO (24h-90OC-PAF) membranes. The results also enabled quantitative comparison of
the final flux of IPA through rGO (24h-90OC-PAF) in different states. Constant pressure
of 3.34 bar was employed for the analysis. The flux Jsol as a function of time was fitted as
an exponential decay curve in form as below (Equation 5-1),
𝐽𝐽𝑠𝑠𝑠𝑠𝑠𝑠 (𝑡𝑡) = 𝐴𝐴𝑒𝑒

−

𝑡𝑡
𝑡𝑡𝐷𝐷

Equation 5-1

+ 𝐽𝐽𝑠𝑠𝑠𝑠𝑠𝑠_𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

Where Jsol (t) is the measure flux in a given time, t is time, tD is the decay constant,

Jsol_stabilized is the flux corresponding to stabilized flux (asymptotic value), and A is the preexponential factor, A+ Jsol_stabilized corresponding to the initial flux (Jsol(0)) of the

82

membrane. For a membrane, when there is a rapid decrease in permeance, tD approaches
zero; while when there is a very slow decay, tD approaches infinity.

Figure 5-7: a) The permeate flux of a representative rGO (24h-90OC-PAF) and Dow
NF270 membrane at 3.44 Bar; b) Water flux decay of rGO (24h-90OC-PAF) membrane
at different pressures and c) pressure normalized flux at different operating pressures
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The decay in water flux through rGO (24h-90OC-PAF) membranes was very slow
(high tD), and the flux restored to the initial high value upon drying the membrane. Flux
decay was observed to be dependent on pressure, with faster decay at higher
transmembrane pressure as shown in Figure 5-7b and the phenomenon was found
consistent with the literature [76]. A plot of the flux against the amount of water passed
through the membrane at different pressures coincided fairly suggesting the decay is a
function of the amount of solvent passed through the membrane (Figure 5-7c). The flux
decay of the IPA-water mixture showed slower kinetics as compared to the mixture. Slower
kinetics of flux decay is likely due to the interactions of IPA with the hydrophilic
functionalities on GO through hydrogen bonding and possibly shielding the initial
interactions of these functionalities with water to some extent.
The results of the fitting are summarized in Table 5-1. The stabilized flux of rGO
(24h-90OC-PAF) membrane in water is only 18% of its original flux, whereas the stabilized
flux of rGO (24h-90OC-PAF) membrane in isopropanol retains 62% of its original flux. Of
course, with charged polymeric NF membranes (such as, NF 270) one would expect very
low IPA permeability. In this article, all flux and permeability values reported are the
stabilized values (Jsol_stabilized).
The declining pressure normalized water flux was observed reversible and is
consistent with the results published by Huang et. al. [182]. Although the flux of the
Table 5-1: The fitting results for the flux decay curves the exponential decay form.
Jsol(0)

rGO
(24h-90OCPAF) Water
rGO
(24h-90OCPAF) Isopropanol
NF270 Water

Jsol_stabilized

Decay Ratio

Permeability

11.0

0.18

3.2

(LMH)

(LMH)

96.9

59.6

0.62

17.3

60.7

48.7

0.8

14.2

61.2

Jsol_stabilized/Jsol(0)
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(LMH/Bar)

commercial polymeric nanofiltration membrane (NF 270) also decreased when contacted
with water, flux stabilized quickly (Figure 5-7a). Flux decay is commonly observed for
the polymeric membranes, and is mostly due to the compression of the polymer under
transmembrane pressure. However, for the rGO (24h-90OC-PAF) membranes, kinetics of
the decay was relatively slower. If the hypothesis is true, slow decay of flux for the rGO
(24h-90OC-PAF) membrane is likely due to the slow formation of water adsorbates on the
GO flakes, resulting in the reduction of the effective pore size. Figure 5-7a shows a
representative flux decay curve of a rGO (24h-90OC-PAF) membrane.
In summary, water adsorption on GO sheet played an important role in the observed
difference in water and isopropanol permeabilities. GO basal plane, defect sites and edges
of the GO sheets have hydrophilic carboxylic, carbonyl, epoxy and hydroxyl groups. When
water molecules pass through these sites, they interact with these groups through hydrogen
bonding probably forming water adsorbates in the channels and defects resulting in the
narrowing of effective pore size for flow. According to the IR characterization, isopropanol
molecules did not adsorb on the GO surface at room temperature. When isopropanol was
passed through a “dry” rGO (24h-90OC-PAF) membrane, its effective pore size was higher
(3.3 nm), and the flux of isopropanol remained high in contrast to the observed behavior
for commercial polymeric nanofiltration membranes. For a rGO (24h-90OC-PAF)
membrane already contacted with water or working in an aqueous solution, the water
adsorbate layer had been already formed on the GO channel surface. When isopropanol
was passed through such rGO (24h-90OC-PAF) membrane, because of the lower
adsorption energy, the isopropanol molecule couldn’t displace the water molecules already
adsorbed on the GO channel surface. Therefore, in this case, the membrane effective pore
size retained the value of water (1.3 nm).
5.7

IMPACT OF GO REDUCTION ON RETENTION OF TRIMER
The separation performance of the rGO (90OC-WW) membranes was investigated

by measuring the retention of the BMP trimer. rGO (90OC-WW) membranes with different
degrees of reduction were used in this study. The rejection was measured in a dead-end
mode of operation, and concentrations in the permeate and retentate were monitored for
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rGO (90OC-WW) membranes with different degrees of reduction. An increasing trend in
the rejection of trimer was observed with increasing extent of GO reduction (Figure 5-8a).
Our attempts to measure trimer rejection by air-dried GO membranes were not successful,
as the membrane permeability increased dramatically under stirred conditions. Air-dried
GO membranes also exhibited poor separation performance. The increase in permeability
and poor separation performance of air-dried GO membranes is likely due to delamination
of the deposited GO layer under stirred conditions. GO membranes after partial reduction
were stable under the stirred experimental conditions and exhibited good separation
performance. After 36 hours of reduction, rejection of the trimer reached a maximum of
70%. Further increase in the duration of thermal incubation didn’t significantly increase
the retention of the trimer. The improved rejection can be attributed to the narrower pore
size of the membrane. Narrower pore size increases the steric hindrance for the transport
of molecules through the membranes, improving the retention performance.
For rGO (90OC-WW) membrane with 108 hours of thermal incubation, retention
performance was also tested using pure isopropanol as solvent. Trimer retention by the
membrane dropped to less than 10% for pure isopropanol as a solvent. The finding is
consistent with our earlier reported study and with the literature [10,11]. A highly polar
solvent, such as water, has a strong dipole-dipole interaction with the polar functionalities
present on the oxidized domain of GO and consequently, it tends to form a stable sorbate
on the oxidized domain. Formation of a stable water sorbate in the nanoporous domain of
GO has been attributed to the improved selectivity of the membrane.
Performance of the membranes was also investigated over an extended duration of
operations up to 84 hours under a cross-flow mode of operation. Two independently
synthesized rGO (90OC-WW) membranes under thermal incubation for 40 hours were
tested in this study for the retention of 50 ppm trimer solution at 21OC, 10 bar pressure
gradient, and 1.1 Pa shear rate. The rGO (40h-90OC-WW) membranes exhibited constant
retention of 74% for trimer during the experiment (Figure 5-8b). The flux declined during
the experiment, reaching a near steady state of 14 LMH after 84 hours of operation. The
effect of temperature on the retention of trimer was also investigated at temperatures of 12,
21 and 30OC. No significant change in the retention of trimer was observed, with an
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average retention of 30% (S. Dev: 4%). Constant retention of trimer serves as an indication
of the stability of rGO membranes in a cross-flow mode of operation, which mimics a near
real-world application scenario.

Figure 5-8: Retention of model lignin trimer (BMP) by rGO (90OC-WW) membranes
a) with different degrees of GO reduction. The extent of reduction was modulated by
controlling the duration of thermal incubation (x-axis) at 90OC. Retention was measured
with 3.3 mM solution of trimer in IPA-water mixture (10:90), operated at 10 LMH flow
rate. b) performance of rGO (40h-90OC-WW) membranes over an extended duration of
operation under cross-flow mode. Rejection of 50 ppm trimer was measured to assess
the stability of the membrane. Operating temperature: 21OC, Pressure: 10 bar, shear
rate: 1.1 Pa. c) Relative concentration of solute in feed, permeate and retentate with
increasing recovery. rGO (22h-90OC-WW) membranes. Filtration was operated at a
permeate flux of 10 LMH.
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5.8

MEMBRANE PERFORMANCE TOWARDS MODEL LIGNIN OLIGOMERS SEPARATION
Further tests were conducted to investigate the selective separation of model lignin

oligomers from a mixture. A mixture of dimer (0.23 mM) and trimer (0.33 mM) was used
as a stock feed solution to test the separation performance of rGO membranes. Figure 5-9a
and b show the performance of the rGO (36h-90OC-WW) membrane towards the rejection
of dimer and trimer with increasing recovery. The concentrations of permeate and retentate
measured during the run are shown in Figure 5-8c. The rGO (36h-90OC-WW) membrane
had a constant rejection of 70% for the trimer and 20% rejection for the dimer, exhibiting
a selectivity of 3.5. A constant rejection throughout the entire investigated range of
recovery indicates the rejection is governed by steric hindrance. A charge dominated
retention mechanism is sensitive to the feed concentration and is expected to decline with
increasing recovery. Steric hindrance experienced during transport of molecules through
the narrow pores depends on the relative dimensions of the molecule (ri) compared to the
pores (rp). The steric partitioning coefficients (Φ) for the compounds were estimated
according to Equation 5-2 [183].
𝑟𝑟𝑖𝑖

2

Equation 5-2

Φ𝑖𝑖 = �1 − 𝑟𝑟 �
𝑝𝑝

rGO (36h-90OC-WW) membrane showed an interlayer spacing of around 0.84 nm.

It is well known that GO is highly hygroscopic, and has a tendency of adsorbing up to 3-4
layers of water molecules, increasing the effective interlayer spacing. In our earlier
reported research, the interlayer spacing of the GO was found to swell up to 1.2 nm,
established through extensive XRD characterization and size-exclusion studies [11]. The
solutes tested in this study had molecular weights of 320 and 348 g/mol for the dimer and
trimer, respectively. Density function theory calculations were performed to estimate the
size of the molecules. Calculations yielded a size of 0.9 and 1.3 nm for the dimer and trimer,
respectively. Using the estimated sizes of the molecules and interlayer spacing of 1.4 nm
(in the swollen state), the steric hindrance partitioning coefficients for the dimer and trimers
are 0.13 and 0.005, respectively. The lower partitioning coefficient for the dimer compared
to the trimer serves as a metric for the lower steric hindrance for the transport of the dimer.
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This, in turn, is hypothesized to mediate the selective separation between the investigated
molecules through the rGO membrane. GO membranes structures are reported to likely
contain pinhole defect, providing an unhindered path for transport of molecules [77]. The

Figure 5-9: Separation performance of the rGO (36h-90OC-WW) membrane evaluated
using model lignin dimer and trimer. (a) Comparison of the rejection of the model dimer
(GGE) and trimer (BMP) as a function of permeate recovery; (b) Permeate flux as a
function of permeate recovery during a standard rejection run. Membrane area = 13.2
cm2, GO content = 180 mg/m2, T = 22 °C, pH = 8.7, Pressure Gradient: 6.2 bar; (c)
Chromatogram showing Rejection of the GGE and BMP molecules by reduced GO
membranes as studied by HPLC.
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presence of pinholes is likely to reduce the retention of molecules by rGO membranes, and
thus, adversely affect the selectivity.
Figure 5-9b shows the flux of the corresponding solution measured during the
study. The flux of the solution declined to 33% of its initial value during the experiment.
This decline in flux is likely not due to the increased osmotic pressure gradient since the
solution had a very low osmotic pressure compared to the operating pressure gradient.
Another major reason for the decline in the flux is membrane fouling, which is also not
believed to be a cause of declining flux in this case. The decrease in flux is likely due to
reversible changes occurring in the microstructure of the rGO membranes. The red-colored
solid line in Figure 5-9b shows the steady-state flux of the IPA-water mixture without any
solute, which is the same (within experimental error) as the steady-state flux observed in
the rejection study. GO membranes are reported to undergo reversible compaction of
microstructural defects under a pressure gradient, causing a reversible decline in flux [76].
Being aware of the fact, initially, only the IPA-water mixture (without solute) was passed
through the reduced GO membrane. The membrane showed a steady-state flux of 9 LMH
under a pressure gradient of 6.2 bar. The fact that the same steady-state flux was observed
for the solvent mixture and solution suggests the decline in flux is a result of reversible
changes occurring in the microstructure of the rGO membrane.
In a comprehensive study conducted by Sultan et al., authors screened 12
commercial polymeric nanofiltration membranes for fractionation of lignin-derived
products [19]. Permeability of the membranes were observed in the range of 0.012 to 0.417
LMH/bar. For lignin-derived liquor, authors observed high retention of compounds with
molecular weights above 1000 Da and lower to moderate retention of compounds with a
molecular weight below 1000 Da. Authors successfully demonstrated the use of a cascade
of membranes with different molecular weight cutoff for the fractionation of lignin-derived
products. However, lower permeability and moderate retention of lower molecular weight
compounds were found limiting factors towards the implementation of the technology.
Owing to the exceptional and tunable performance of rGO membranes [12], efficient
fractionation of lignin-derived products can be achieved.
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However, filtration of lignin-derived liquor brings several challenges which need
to be considered. Additional research to evaluate the impact of other depolymerization
products from lignin on the selectivity of the rGO membrane is required. Furthermore, the
formation of gel layer from the lignin-derived products on the surface of the membranes is
reported to increase the resistance for the flow of solvents and solutes through the
membrane. The impact of the gel layer during filtration of lignin-derived liquor on solvent
flux and solute retentions need further evaluation.
5.9

CONCLUSION
It was observed that water adsorption has a significant effect on the permeance of

anhydrous IPA. Permeability of IPA (and possibly for other organic solvents) that have
weaker adsorption energy on the GO sheet than water molecules depended on whether the
rGO (24h-90OC-PAF) membranes were initially in the “wet” or “dry” state. IPA
permeability for “dry” state GO membrane was higher than its permeability for “wet” state
the rGO (24h-90OC-PAF) membranes. Furthermore, our findings indicated that trace
amount of water would result in flux decay of IPA through the rGO (24h-90OC-PAF)
membranes. Larger solvent corridor for “dry” state GO membranes was observed than for
“wet” state GO membrane in size exclusion studies. Dye rejection test indicated that rGO
(24h-90OC-PAF) membranes had a size cutoff of 3.3 nm and 1.3 nm for “dry” and “wet”
state of GO, respectively. Solvent-water permeability was also highly dependent on O/C
ratio of rGO, which can be controlled by thermal incubation. High rejection of over 70%
for the phenolic lignin model compound, BMP, was achieved in IPA-water solution by
rGO (36h-90OC-WW) membranes. Conversely, only 20% rejection was achieved with
another lignin model, GGE, imparting a separation factor of 3.5. Considering the neutral
charges and molecule size of the model compounds used, it was hypothesized that steric
hindrance plays a crucial role in the excellent molecular rejection and separation
performance of our membranes. This study also investigated the influence of reduction
degree on the structural changes (by O/C ratio) and rejection performance of the rGO
(90OC-WW) membranes. The retention of trimer increased with the increasing extent of
GO reduction. The increase in retention of trimer by the membrane was attributed to the
higher steric hindrance to the transport of molecules by reduced GO membranes. This work
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gives more understanding of the possible impact of the extent of GO reduction towards the
separation performance of rGO membranes. Finally, the impressive performance of the
reduced GO membrane along with its improved stability compared to non-reduced GO
membrane indicates its potential for industrial applications ranging from pharmaceutical
area to the concentration of value-added chemicals.
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Chapter 6 Reduced Graphene Oxide membranes: Understanding Ionic
Transport, Produced Water Treatment and removal of Perfluoro
Octanoic Acid (PFOA)
6.1

SUMMARY
The role of steric hindrance and charge interactions in governing salt transport

through reduced graphene oxide (rGO) and commercial (DOW-Filmtec NF270)
membranes was elucidated by a comprehensive study of experimental and mathematical
analysis (based on Nernst Plank equation). A charge-dominated salt exclusion mechanism
was observed for the rGO membranes, which exhibited retention from low (7%) to
moderate (70%) extent depending on the nature of salts (5mM). Swelling of GO (1.2nm)
in water beyond the hydrated diameter of ions was attributed as a primary cause for
lowering steric hindrance effects. The influence of parameters affecting charge
interactions, such as pH and ionic strength, on the extent of salt rejection was modeled.
The impact of the membrane’s charge density, GO loading and interlayer spacing on salt
retention was quantified by performing sensitivity analyses. For a high TDS produced
water sample, the rGO membranes partially retained divalent cations (Ca:13%) and
exhibited high dissolved oil rejection. The membranes were found suitable for the
treatment of high TDS water with the goal of removing organic impurities, as the osmotic
pressure gradient is low. rGO membranes also exhibited a charge-dominated exclusion
mechanism for retention (90%) for organic anion, perfluoro octanoate (1ppm). (Research
article on this chapter will be submitted to Journal of Membrane Science in December
2019).
6.2

INTRODUCTION
GO membranes are known to provide a highly tunable platform and extensive

reports exist displaying that GO-based nanofiltration performance ranges from low to high
salt retention [21,47,68]. Desalination performance by nanofiltration membranes is
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sensitive to various operating conditions, such as water flux, operation pH, temperature,
feed ionic strength, etc. Therefore, it is necessary to account for these parameters during
performance evaluation or comparison of various GO-based membranes.
Among the advancing frontiers in membrane-based separations, a key area of
interest exists in the selective separations of organics (300-1000 Da) from water containing
high amounts of dissolved salts [5]. State of the art reverse osmosis membranes are a
popular choice for desalination of water and removal of micropollutants. However, in the
case of the treatment of water containing high total dissolved solids (TDS), it is essential
to use membranes with low retention of inorganic salts to avoid a high osmotic pressure
gradient. Selective separations of organics from high TDS water (such as, produced water)
is a key element in determining separation efficiency. GO-based membranes could be
effectively used for produced-water streams to remove dissolved oily components. GObased membranes are less prone to fouling from oily components owing to the hydrophilic
nature of GO, giving it an edge over polymeric membranes [89]. Incorporation of GO in a
membrane matrix has been found to improve resistance to microbial fouling. Common
organic impurities, such as naphthenic acids, are negatively charged with a molecular
weight ranging from 200 to over 500 [88]. One could anticipate higher retention of these
impurities owing to charge-based repulsion forces in conjunction with steric hindrance.
Removal of other emerging persistent organic contaminants, such as perfluoroalkyl
substances (PFAS) [184], can also be achieved with rGO membranes. rGO-based
nanofiltration membranes could be used to separate PFAS from water and reduce the
volume of contaminated water. Separation seems to be a more feasible remediation strategy
than other technologies, such as advanced oxidation, as these compounds are relatively
resistant to an oxidation reaction [148]. Alternative technologies, such as adsorption on
activated carbons and functional polymers, are being investigated for the removal of PFAS,
however, these technologies necessitate adsorbent regeneration. Nanofiltration membranes
have shown efficient removal of PFAS from water and could be effectively used to reduce
the volume of contaminated feed streams by several folds [149].
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In this study, we provide an understanding the underlying mechanism for ion
transport through GO-based membranes with the aid of the extended Nernst plank
equation. Objectives of this study were: 1) to study the role of steric hindrance and
convective coupling along with charge-based interactions for the transport of ions through
rGO membranes under a wide set of operating conditions, 2) to examine the potential
application of GO membranes for partial hardness removal from high TDS produced water
and to study membrane fouling and oil removal by rGO membranes in the presence of
small amounts of dissolved oil, and 3) to investigate PFOA removal, develop an
understanding of the underlying exclusion mechanism, and quantify the impact of
operating conditions such as recovery, feed concentration and pH.
6.3

PERFORMANCE EVALUATION USING EXTENDED NERNST PLANK EQUATION
A detailed review on the modelling approach based on the Nernst Plank equation

can be found elsewhere [84]. In this study, ionic transport though the membrane was
modelled using Equation 6-1. The computation approach used to solve the equations is
similar to the one described by Maria et al [185].
𝐽𝐽𝑖𝑖 = −𝐾𝐾𝑑𝑑 𝐷𝐷𝑖𝑖

𝑑𝑑𝑑𝑑𝑖𝑖
𝑑𝑑𝑑𝑑

+ 𝐾𝐾𝑖𝑖𝑖𝑖 𝐶𝐶𝑖𝑖 𝐽𝐽𝑣𝑣 −

𝑍𝑍𝑖𝑖 𝐶𝐶𝑖𝑖 𝐷𝐷𝑖𝑖 𝐹𝐹 𝑑𝑑𝑑𝑑
𝑅𝑅𝑅𝑅

Equation 6-1

𝑑𝑑𝑑𝑑

Variables Ji, Di, Jv, Kic, Kid, and dѱ, are the species flux, diffusion coefficient, water

flux, convective coupling coefficient and hindered diffusion coefficient, respectively.
This model incorporates transport hindered by diffusion (first term), convective
coupling (second term) and Donnan potential (third term) across the membrane. Hindered
coefficients for diffusion and coupling coefficient for convective transport across the
membrane can be estimated by the Equations 6-2 and 6-3 [183].
𝐾𝐾𝑖𝑖𝑖𝑖 = 1.0 − 2.30𝜆𝜆𝑖𝑖 + 1.154𝜆𝜆2𝑖𝑖 + 0.224𝜆𝜆3𝑖𝑖

Equation 6-2

𝐾𝐾𝑖𝑖𝑖𝑖 = 1.0 + 0.054𝜆𝜆𝑖𝑖 − 0.988𝜆𝜆2𝑖𝑖 + 0.441𝜆𝜆3𝑖𝑖

Equation 6-3

The variable λi=ri/rp (ionic radius/pore radius).
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As no net flux of charge occurs across the membrane, one could estimate the
potential (Donnan) gradient across the membrane can be estimated by Equation 6-4.
dφ
dx

=

∑n
i=1

zi Jv
�K C −Ci_permeate �
Kid Di∞ ic i
F n
∑
z2 C
RT i=1 i i

Equation 6-4

In this computation, the membrane was assumed to have a fixed charge density,
Xd, across its thickness and a condition of electroneutrality was used at each node as
expressed in Equation 6-5.
∑ni=1 zi Ci + Xd = 0

Equation 6-5

Steric partitioning in the membrane is a function of the ratio of ionic radius to pore

radius, and can be estimated by Equation 6-6 [186].
ϕ = (1 − λi )2

Equation 6-6

J
Cp = i�J
v

Equation 6-7

Permeate concentration of ions was calculated by Equation 6-7.

6.4

DEPENDENCE OF RETENTION ON THE NATURE OF SALTS

The role of charge and steric hindrance in the underlying transport mechanism of
ions through GO membranes can be quantified by measuring retention of different salts at
a range of operating pressure gradients. In this study, four different salts (NaCl, Na2SO4,
MgCl2, and MgSO4) were used to quantify the retention performance of rGO membranes.
Control runs were performed with NF270 membranes. These salts differ in terms of
hydration radius, nature of charge and charge density. Magnesium has a larger hydrated
radius compared to sodium (Table 6-1) [187]. Also, Magnesium and sulfates are divalent
and have higher charge densities. These ions are, therefore, expected to experience higher
charge interaction forces with the membrane. In typical commercial nanofiltration
membranes, the pore size of the membranes is close to the hydration radii of divalent ions
and a significant steric hindrance occurs to the transport of these ions. As a result, for
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commercial nanofiltration membranes, salts containing divalent ions have higher retention
compared to ones containing monovalent ions.
The retention of the four salts tested at different operating pressure gradients by
rGO and NF270 membranes is shown in Figure 6-1a and b, respectively. The order of
retention of the four salts by rGO was Na2SO4>MgSO4>NaCl> MgCl2 and the trend was
found consistent with literature [46]. The control test conducted with the NF270 membrane
showed the order of retention for investigate salts as MgSO4≈NaSO4>MgCl2>NaCl. Salt
permeabilities through rGO and NF270 membranes were evaluated in a diffusion mode
using single salt solutions at a feed concentration of 20 mM (Figure 6-1b, c, e and f). Trends
in salt permeabilities were consistent with the rejection data.
It is interesting to note that rGO membranes showed higher rejection of sodium
salts compared to magnesium salts, whereas, NF270 membranes exhibited an opposite
trend for the two salts with the same counter ions. In the case of ionic transport through
nanopores, ions are sterically hindered when the dimensions of the pores approach the
hydrated ionic radius, causing an energy barrier for ionic transport. The proportional
contribution of steric effects to the overall activation energy for ionic transport is high when
Table 6-1: Properties of ions investigated in the study*.
Ions/

Diffusivity

Hydrated radius (nm)

Solutes

(m2s-1)*10-9

Na+

1.33

0.36

Mg2+

0.72

0.43

Cl-

2.03

0.33

SO42-

1.06

0.38
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the pore size of the membrane approaches the hydration radius of ions, resulting in less
significant charge-based interactions for governing ionic transport. For example, through
molecular dynamic simulations, Richards et al. showed that the contribution of chargebased interactions (pore surface charge density: -0.1 C/m2) is only 14% of the overall
activation energy (31.6 Kcal/mol) barrier for transport of fluoride ions through a membrane
with an effective pore radius of 3.4 nm [85]. In contrast, for pore radii larger than the ion’s
hydrated radius, the fractional contribution to the total energy barrier due to ion
dehydration is small compared to charge-based contributions [21,85]. Therefore,
performance of membranes with pore radius significantly larger than hydrated ion radius
is expected to be driven by charge interactions.
rGO, being hygroscopic, adsorbs water molecules on its basal plane depending on
the extent of oxidation. In our earlier study, we observed an increase in interlayer spacing
from 0.8 nm in the dry state to more than 1.2 nm in the wet state due to water sorption in
the rGO domain [11]. Whereas, the cross-linked polyamide network of a commercial
NF270 membrane is reported to have a relatively smaller effective pore size (diameter) of
0.87 nm [188]. One would, therefore, expect higher steric hindrance for salt transport
through a NF270 membrane compared to an rGO membrane. As hydration radius of
magnesium ions is larger than sodium ions, magnesium salts are sterically hindered to a
greater extent compared to sodium salts by the NF270 membrane. In the case of rGO
membranes, the channel width (or effective pore size) is significantly larger than the
hydrated radius of both sodium and magnesium ions. Therefore, steric effects are less
significant, and divalent magnesium cations are partitioned more favorably compared to
monovalent sodium cations in the negatively charged GO domain. Also, sulfate ions
experience the highest repulsive forces among the four investigated ions and as a result,
higher retention of sulfate salts was observed compared to chloride salts. This is a clear
indication that salt exclusion by rGO membranes is due to a charge-driven mechanism,
whereas, exclusion by NF270 membranes is governed by both charge and steric effects.
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Parameters of the Extended Nernst Plank equation optimized for the two
investigated membranes are summarized in Table 6-2. The effective pore opening of the
rGO membranes was fixed at 1.2 nm, the pore size that was established in our previous

Figure 6-1: Retention and diffusive permeability of different salts through rGO (a, c
and e) and NF270 membranes (b, d and f). rGO loading: 60 mg/m2, Salts: Na2SO4,
MgSO4, MgCl2, NaCl. Retentions and diffusive permeabilities were measured at 5 mM
and 10 mM feed concentration, respectively. Temp: 25OC, pH: 7.
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study via retention of different solutes and XRD characterization [11]. Diffusion length
and charge density of the membrane were optimized to fit the experimental data. For the
NF270 membrane, the optimized pore opening was in close agreement with the literature
value of 0.87 nm [188]. A notable difference in the diffusion length of the two investigated
membranes was observed. The optimized diffusion length of rGO was almost 10 times the
one optimized for the NF270 membrane. This result is intuitive as the rGO domain offers
a highly tortuous path for the transport of ions through the membrane. Monte-Carlo
simulations performed on the structure of GO laminates by Ritt et al. estimated the
tortuosity (effective length/membrane thickness) of the membrane to range from 970 to
1400 [77]. Also, despite rGO membranes having larger pore openings, their lower
membrane permeabilities compared to NF270 membranes suggests that molecules traverse
longer diffusion lengths across the GO laminates. Since charge interactions were the

Table 6-2: Optimized membrane parameters for salt retention by rGO and NF270
membranes using the extended Nernst Plank equation.
Membrane

rGO

NF270

(Loading: 60 mg/m2)
Pure water permeability

1.6

14

1.2

0.86

-40

-22

500

55

(LMH/bar)
Pore size
(pore diameter/channel spacing, nm)
Xd
(charge density, moles/m3)
ΔX (nm)
(Effective diffusion length, nm)
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primary source of resistance for ionic transport through rGO membranes, the optimized
value of effective charge density of the rGO membrane was higher than the NF270
membrane.
6.5

ROLE OF PH
Monitoring salt retention of GO membranes at different pH values provides an

opportunity to further quantify the impact of charge on the underlying transport
mechanism. Zeta potential measured for the rGO membrane at different pH values showed
a decline from -24 mV at pH 7 to -13 mV at pH 3. Since co-ions have to overcome the
surface potential barrier, the tendency of salts to partition into the membrane domain is
expected to increase at lower a pH, resulting in a higher ionic flux through the rGO
membrane. GO membranes showed a constant water flux of 13.8 LMH over the
investigated range of pH values at 7 bar, suggesting that the effective interlayer spacing
was not significantly altered. Therefore, upon lowering pH, steric hindrance for the ionic
transport is not likely to be impacted and any change in ionic transport across the rGO

Figure 6-2: Charge densities predicted with at different pH using a reference optimized
value of -103 mol/m3 and zeta potential values.
101

membrane will be primarily due to alterations in charge-based interactions. Figure 6-3
shows a decrease in rejection of Na2SO4 for a pH below 4 at a given water flux. In an effort
to maintain constant ionic strength during the course of the experiment, the pH of Na2SO4
solution was initially lowered using sulfuric acid and was, then, gradually increased by
adding NaOH during the experiment.
For modelling the performance of the membrane, charge densities were estimated
at different pH values using measured surface zeta potential values. Initially, the ratio of
charge density at varying pH values (Figure 6-2) with reference to charge density at pH 7
were determined with the aid of the Grahame equation, as shown in Equation 6-8. Charge
densities at different pH were obtained by multiplying the estimated ratio by the reference
value of the optimized charge density at pH 7. The estimated response of the membrane at
varying pH is shown in Figure 6-3. Predicted salt retentions at acidic pH (4) were lower
than experimental results.

Figure 6-3: Influence of pH on transport of sodium sulfate through the Graphene Oxide
membrane. GO loading: 120 mg/m2, pure water permeability: 2 LMH/bar,
[Na2SO4]=20 mM. Cross-flow mode of operation, Crossflow velocity: 0.7 M/s, Temp:
23 0C.
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Equation 6-8

The variables e, ζ, KB and T are electron charge, surface zeta potential, Boltzmann
constant and absolute temperature, respectively.
6.6

IMPACT OF IONIC STRENGTH
Ionic strength of the feed solution also plays a critical role in governing the surface

potential arising from the electric double layer formed on charged surfaces. At higher ionic
strength, the charge on the membrane surface is screened to a greater extent due to the
abundance of counter ions in solution [189]. The decline in surface potential is more severe
when higher valence counter ions are present in solution, owing to the formation of
complexes by these counter ions with charged functionalities on the membrane surface. As
a result, repulsive forces between co-ions and the membrane surface are weakened. The
suppression of charge interactions at higher ionic strengths causes salt retention to decline
[34,149,190].
The extent of salt retention decline for increased ionic strength, however, depends
on the impact of charge in the overall exclusion mechanism of charged species by
nanofiltration membranes [149,190]. The impact of feed ionic strength on ionic transport
was quantified by measuring the retention of Na2SO4 by rGO membranes for feed
concentrations of 2 mM and 5 mM. Retention was >90% for a 2 mM Na2SO4 feed at a
water flux of 10 LMH (Figure 6-4 a). Rejection (50-70%) declined significantly when the
feed concentration was increased to 5 mM. In a diffusion mode of operation, permeability
of Na2SO4 was measured with an increasing feed concentration, up to 100 mM (Figure 6-4
b). As expected, permeability of Na2SO4 through the rGO membrane increased with
increasing feed concentration. Na2SO4 permeability exhibited a power law dependence,
with a permeability increase proportional to the 0.34th power of the feed concentration. The
impact of ionic strength on the surface potential can also be predicted in terms of Debye
length, which serves as a metric for the range over which electrostatic effect persists, and
is inversely proportional to the square root of the ionic feed concentration. At a higher ionic
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strength, surface potential decreases, which, in turn, increases the partitioning of ions on
the membrane surface and ionic flux through the membrane.

Figure 6-4: Role of ionic strength on transport of Na2SO4 through rGO membrane. a)
Na2SO4 rejection. GO loading: 60 mg/m2, pure water permeability: 2 LMH/bar, Crossflow mode of operation, Crossflow velocity: 0.7 M/s, Temp: 23OC. Solid line shows
results obtained from Nernst plank equation based model. b) diffusive permeability of
Na2SO4 through rGO membranes.
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6.7

SENSITIVITY TO EFFECTIVE CHARGE DENSITY
GO membranes with various charge densities have been synthesized for

nanofiltration applications. Charge density of GO membranes can be modulated by
controlling the extent of oxidation of GO. In this study, a sensitivity analysis was
performed to quantify the impact of charge density on the ionic transport through the
membranes as shown in Figure 6-5 a. It can be noted that for the investigated set of
parameters, at a higher charge density, the increase in Na2SO4 retention is less sensitive to
an increase in charge density. The model was extended to analyze results published by
Yuan et al. [47] In the mentioned study, two GO membranes were synthesized with
different extents of oxidation and had surface potentials of -38 mV and -52 mV at pH 7.
Improved desalination performance was reported by the authors for membranes with higher
oxidation extent. However, after replotting the same rejection data against the operational
water flux, as shown in Figure 6-5 b, it is evident that the desalination performance of both
membranes is similar. The major difference between the two membranes was in the
interlayer distance between the deposited GO sheets. Interlayer spacing for the GO with a
lesser extent of oxidation was 1.36 nm, whereas, interlayer spacing was 1.42 nm for the
GO membrane with a higher extent of oxidation. The membrane with higher extent of
oxidation had a higher water permeability of 2.3 LMH/bar compared to 1.9 LMH/bar for
the membrane with lower oxidation extent. Another important feature of their membranes
was high GO loading of 500 mg/m2, which was approximately 8.3 times higher than GO
loading for the membrane used in our study. Therefore, while analyzing their results,
diffusion length was increased to 8.3 times of the one optimized for our membranes and
their reported interlayer spacing was used. We acknowledge that dimensions of GO sheets
should have an impact on the overall diffusion length, however, no information on lateral
dimensions of GO sheets was available. Relative charge densities of the membranes were
estimated using the reported surface potential values with the aid of Equation 6-8. It is
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interesting to note that the increase in sulfate removal is only around 5% for an operational
water flux of 10 LMH under identical experimental conditions.

Figure 6-5: Sensitivity of the desalination performance of GO membranes to the
effective charge density, a) Sensitivity analysis was performed by varying charge
density for the GO membranes (60 mg/m2) used in this study, feed [Na2SO4]=5 mM,
Temp=230C, b) Analysis of Na2SO4 rejection data published by Yuan et al. for GO
membranes with different extent of oxidation (Reproduced from figure 12 c and d, Yuan
et al. Desalination 405 (2017) 29-39): Experimental conditions: GO loading= 500
mg/m2, feed [Na2SO4]=13.6 mM, Mode of operation: Cross-flow, Cross-flow velocity:
5 m/s, permeability of GO membranes: 1.9 (lower extent of oxidation) and 2.3 LMH/bar
(higher extent of oxidation). Model fit parameters: L=4.15 µm, Xd= -67 moles/m3 for
GO and -99 moles/m3 for GO-COOH membranes, rp=0.68 nm for GO and 0.71 nm for
GO-COOH membranes
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6.8

SENSITIVITY TO GO LOADING AND EFFECTIVE INTERLAYER SPACING:
A sensitivity analysis was performed by computing Na2SO4 rejection for rGO

membranes by varying diffusion lengths and interlayer spacing, as shown in Figure 6-6.
Diffusion lengths of the GO membranes can be varied by changing the amount of GO

Figure 6-6: Sensitivity analysis to quantify the impact of effective diffusion length and
effective interlayer spacing of GO membranes on retention of Na2SO4 (Cfeed: 5 mM).
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deposited on the substrate. One can change interlayer spacing of GO-based membranes by
modulating the O/C ratio of GO or confining the channels by crosslinking. Increasing
diffusion lengths or decreasing interlayer spacing enhances diffusion/steric hindrance for
ionic transport through the membrane and hence, higher retention of ions is expected.
Furthermore, the desalination performance of the membrane is anticipated to be less
sensitive to conditions affecting charge interactions, such as pH and feed concentration.
Na2SO4 retention estimated for the rGO membranes with two different rGO loadings (24
and 120 mg/m2) and two effective interlayer spacings (1.16 and 1.32 nm) at different pH
(4 and 7) and feed concentrations (2 and 10 mM) is shown in Figure 6-7.
However, there exists a tradeoff between desalination performance and
permeability of the rGO membranes. Permeability of the membrane scales inversely with

Figure 6-7: Sensitivity analysis to quantify impact of charge-based parameters on
Na2SO4 retention by rGO membranes.
108

the first power of the effective diffusion length and with the third power of the effective
interlayer spacing according to the Hagen Poiseuille equation. A sensitivity analysis thus
shows that a Nernst-plank based mathematical approach could also be used to assess the
enhanced desalination performance of GO-based membranes after increasing GO loading
or decreasing effective interlayer spacing.
6.9

PRODUCED WATER TREATMENT:
In this study, a potential nanofiltration-based application of rGO membranes for

treatment of produced water was investigated with an objective to partially remove
hardness but remove dissolved oil almost completely. Produced water samples used in the
study had a total TDS content of 38800 mg/l. Water was mostly comprised of Na+(14338
mg/l) and Cl- (21990 mg/l) ions (Table 6-3). The water was estimated to have an osmotic
pressure around 33 bar at 250C. We monitored the produced water flux through rGO and
NF270 membranes at 10.3 bar. Filtration was operated in a cross-flow mode of operation
with permeate and retentate being recirculated to minimize the change in composition of
the feed reservoir. For over 24 hours of operation, no significant decay in flux was observed
and both membranes retained salts partially (Figure 6-8). As expected, salt retention by
both membranes declined with a produced water feed due to screening of the membrane
charge at higher ionic strength. Reduction in produced water flux for both membranes is
likely due to an osmotic pressure gradient caused by salt retention. Water flux estimated
after osmotic pressure corrections was in close agreement with the observed produced
water flux. Both membranes exhibited more than 90% flux recovery after the experiment.
High retention of dissolved oil by both the membranes was also observed. The
concentration of dissolved oil in produced water samples was reduced from a 26 ppm feed
to below 5 ppm detection limits in the permeates of both membranes and a TOC removal
of 53% was observed.
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Table 6-3: Composition of produced water sample
ICP-OES analysis
Concentration mg/l
Na

14338

Ca

517

Fe

8

K

187

Li

13

Mg

98

Pb

nd

Sr

78

Zn

nd
IC analysis:
Concentration mg/l

Chloride

21990

Sulfate

1422

Nitrate

9

Bromide

153
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It is important to note the role of permeability and salt retention in treatment of
produced water containing high TDS. Consider a membrane with high permeability and
moderate salt retention. Increase in the flux of such water streams with operating pressure
is not linear and the rate that flux increases with increased pressure is less significant at
higher operating pressures. With increased operating pressure, the concentration of ions
near the membrane-feed interface increases considerably at higher operating water flux.
Thus, one can infer that at a higher operating flux, a large fraction of the applied pressure
gradient will be consumed in overcoming the effective osmotic pressure gradient and will
also lower overall salt retention owing to a high interfacial concentration. Furthermore,
fouling propensity of the membrane also increases at a high operational flux, lowering
water flux even more rapidly. Thus, selective separations of organics from high TDS water
is a key element in determining the efficiency of separations.

Figure 6-8: a) Produced water flux by rGO membrane and b) salt retention.
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6.10

REMOVAL OF PERFLUORO OCTANOIC ACID (PFOA)
rGO membranes also offer an opportunity to remove emerging persistent organic

contaminants, such as PFOA, by a sieving mechanism, owing to their nanoporous structure
and negatively charged surface. In the case of PFAS, such as PFOA, repulsive charge
interactions exist between the molecules and the membrane surface. Therefore, one would
expect that rGO membranes would offer higher retention of these molecules compared to
neutral solutes of similar size. The performance of rGO membranes for PFAS removal was
tested using PFOA as a model compound. To understand the underlying exclusion
mechanism for retention of PFOA, rejection tests were conducted at different feed
recovery, operating pH and feed concentration in dead-end and cross-flow modes of
operation.
Retention of PFOA by rGO membranes was evaluated at increasing water recovery
up to 72% in a dead-end filtration cell. The rejection of PFOA by rGO membranes and its
concentration in the permeate for a 1 ppm feed is shown in Figure 6-9. The filtration
concentrated the feed by 3.3 times. The error in the mass balance of the PFOA between the
initial feed and final streams (retentate and permeate) was less than 10%, ensuring accuracy
of the results. Retention of PFOA by the rGO membrane is expected to be driven by charge
and steric hindrance. For a charge-driven exclusion mechanism, retention is dependent on
various parameters, such as feed ionic strength and pH. At higher feed concentrations,
charge interactions between the solute and the membrane surface are suppressed, lowering
its contribution to the resistance for PFOA transport through the membrane. The role of
charge in the underlying mechanism was investigated by measuring PFOA retention by
rGO membranes at a higher feed concentration of 20 ppm. Constant rejection of around
60% was observed (Figure 6-9 a). The error in mass balance was less than 2%, indicating
there was no significant adsorption of PFOA. Decrease in retention of PFOA at higher feed
concentration (20 ppm) suggests that charge plays a vital role in the exclusion mechanism.
For real water samples, typical concentrations of PFAS are in trace levels (<50 ng/L) [191].
Based on the increased rejection at a lower feed concentration, significantly higher
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retention of PFAS by rGO membranes is expected at the low concentration levels in real
water.

Figure 6-9: PFOA retention by rGO membranes and NF270 membranes with increasing
recovery. A) PFOA retention by GO membranes for 1 ppm and 20 ppm feed
concentration at pH 7, b) PFOA retention by GO membranes for 20 ppm feed
concentration at pH 3 and c) PFOA retention by NF270 membrane for 20 ppm feed at
pH 3 and pH 7.
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The impact of charge on the exclusion of PFOA by rGO membranes was further
quantified by conducting a similar experiment at pH 3. At acidic pH, a decrease in retention
of PFAS is expected due to a lower surface potential of the membrane. A decrease in
concentration of PFOA on the permeate side was observed, however, the retentate
concentration after 75% recovery was the same as that of the feed (Figure 6-9 b). The lack
of any change in the PFOA concentration on the retentate side at a lower pH implied
adsorption of PFOA on the membrane surface [192,193]. It was, therefore, not confirmed
whether the lower permeate concentration at acidic pH was due to rejection or adsorption.
Performance of the rGO membranes was also evaluated in a cross-flow mode of operation
with 20 ppm feed for over 24 hours of operation. The membrane had a constant rejection
percentage of 72%. Higher retention in a cross-flow mode compared to a dead-end mode
of operation is expected due to a lower extent of concentration polarization.
Retention of PFOA by a commercial nanofiltration membrane, NF270 (DOWFILMTEC), was also investigated. NF270 membranes exhibited 90% retention of PFOA
at pH 7 for 20 ppm feed. The observed error in mass balance was less than 5%, as shown
in Figure 6-9 c. Retention of PFOA by NF270 membrane declined to 50% at pH 3. A
significant decrease in PFOA retention by the NF270 at pH 3 likely indicates the existence
of a charge-driven exclusion mechanism for these membranes as well. Our results are
consistent with the findings of Elimelech et al. (2018), where the authors observed over
90% PFOA retention by a NF270 membrane for a 1 ppm feed at pH 7 [149].
6.11

CONCLUSION
A modelling approach based on the extended Nernst plank equation was used to

elucidate the role of steric hindrance and charge-based interactions in the overall exclusion
of ions by rGO membranes. It was determined that rGO membrane’s separation
performance is primarily governed by charge interactions. Optimized parameters of the
extended Nernst Plank equation suggested rGO (60 mg/m2 GO loading) has a larger pore
opening (1.2 nm), a longer diffusion length (500 nm) and a higher effective charge density
(-40 mol/m3) than the NF270 (DOW-Filmtec) nanofiltration membrane (pore size: 0.86
nm, diffusion length: 50 nm, charge density: 22 mol/m3). The impact of parameters
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influencing steric hindrance and charge interactions on the transport of solutes were
quantified via sensitivity analysis. rGO membranes were found to partially remove
hardness from high TDS produced water along with high retention (74%) of dissolved oil
(an organic impurity). These membranes were found to be suitable for the treatment of high
TDS water with the goal of removing organic impurities since the osmotic pressure
gradient is low. Exclusion of Perfluoroalkyl substances (PFAS) by rGO membranes was
studied using perfluorooctanoic acid (PFOA) at various operating conditions with an
impetus of elucidating the underlying exclusion mechanism. Membranes exhibited 80%
removal of PFOA for 1 ppm feed at pH 7. PFOA retention by rGO membranes was driven
primarily by charge repulsion and steric hindrance.
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Chapter 7 Reduced Graphene Oxide (rGO) – metal nanoparticles
composite membranes for environmental separation and chloro-organic
remediation
7.1

SUMMARY:
This study explores the integration of separation performance achieved in a loose

nanofiltration regime with heterogeneous oxidation reactions for remediation of organic
contaminants from water (Figure 7-1). Herein, a layer-by-layer based assembly approach
was used to functionalize rGO membranes with polyacrylic acid, followed by in-situ
synthesis of Fe based reactive nanoparticles. The introduced high density of carboxylate
functionalities from polyacrylic acid enabled in-situ synthesis of Fe/Pd nanoparticles
through immobilization of ferrous ions by ion exchange followed by reduction and post
coating them with palladium. TEM characterization of the cross-section lamella of the
membranes showed a high density of nanoparticles (12% Fe) in the functionalized domain,
signifying the importance of polyacrylic acid for in-situ synthesis of nanoparticles. The
membranes had low to moderate salt retention, and high neutral red retention (organic

Figure 7-1: Graphical abstract for chapter 7.
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probe molecule, size: 1.2 nm). The membranes also exhibited high retention of humic acids
(80%), preventing these organics from entering the reactive domain, and potentially
reducing the formation of undesired by-products. To demonstrate reactive removal of
organic contaminants, a persulfate mediated oxidative pathway was employed. The
membranes achieved >95% conversion by convectively passing a 2 mM persulfate feed at
a transmembrane pressure of 0.4 bar. Successful degradation of TCE (up to 61%) was
achieved by a single pass of a feed solution flowing convectively through the membrane,
generating up to 80% of the theoretical maximum chloride as one of the byproducts. This
chapter is published as Aher A., Bhattacharyya D., et al. RSC Advances (2019) [194].
7.2

INTRODUCTION:
rGO-based reactive membranes have shown promising results in removal of a wide

range of organic contaminants, such as phenols, nitrophenols, dyes, etc [101–103]. Metalfree GO membranes synthesized by doping the basal plane of GO with heterogeneous
atoms have shown improved performance in breaking down persulfate to generate free
radicals for oxidative degradation of organic contaminants [101]. Introduction of metal
nanoparticles provides the opportunity to conduct peroxy-mediated oxidation reactions at
a faster rate and room temperature. To synthesize a reactive rGO membrane platform,
approaches such as surface and nanochannel functionalization are employed. Soroush et
al. synthesized GO membranes decorated with silver nanoparticles, which exhibited
antimicrobial properties [104]. Incorporation of TiO2 nanoparticles in the nanochannels of
GO by co-filtration of nanoparticles and GO was demonstrated by Gao et al [103]. The
membranes exhibited photocatalytic abilities, reactively removing phenols under light.
Although these approaches have been successful in synthesizing reactive membrane
platforms, remobilization of nanoparticles in the membrane domain following a leaching
event is a challenge. Incorporating functional polymers in rGO layers introduces ligands in
the membrane domain, which could be used towards immobilization of precursors for
nanoparticles synthesis. Subsequent in-situ synthesis of nanoparticles is one of the
promising paths for membrane re-functionalization.
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Furthermore, free radical-mediated oxidation processes are typically accompanied
by the formation of byproducts from side reactions of free radicals with natural organic
matter (NOM) present in water [105,106]. Removal of NOM before oxidation processes is
desirable to mitigate the formation of halogenated byproducts of these organics. rGO
membranes have shown high removal efficiency for NOM, primarily by a size exclusion
mechanism [39]. A nanocomposite rGO membrane with an rGO top layer allows NOM to
be removed by both size and charge exclusion, and formation of byproducts from oxidation
reactions in the reactive domain underneath can be minimized.
In this study, Fe-based nanoparticles embedded rGO membranes were synthesized
and an oxidative pathway was employed for the removal of chlorinated organics. Both,
persulfate and hydrogen peroxide mediated oxidation have been found highly effective in
the removal of a wide range of organic contaminants [107–111]. A persulfate mediated
pathway has advantages over the one mediated by hydrogen peroxide, such as longer half
time of the sulfate free radicals compared to hydroxyl radicals, selectively higher reaction
rates with electron rich contaminants, less severe scavenging effect of persulfate on sulfate
radicals compared to that of hydrogen peroxide on hydroxyl radicals, and enhanced
degradation rates at elevated temperatures [111,112]. Considering the advantages,
oxidation pathway mediated by sulfate free radicals was selected for this study.
The novelty of this study lies in its combination of persulfate-mediated oxidation
reactions with the separation performance of rGO membranes in a loose nanofiltration
regime. This study demonstrates the synthesis and application of reactive rGO membranes
for the removal of chlorinated organics from water. The objectives of this study were: 1)
to incorporate polyacrylic acid (PAA) into the nanoporous domain of rGO membranes for
in-situ synthesis of nanoparticles, 2) to establish the role of polyacrylic acid in synthesizing
reactive nanoparticles in the membrane domain using advanced characterization, 3) to
understand the impact of PAA and reactive nanoparticle incorporation on flux and
separation performance of the rGO membranes by using dye (probe molecule), salt
solutions and humic acids (model compound for NOM), and 4) to investigate persulfatemediated oxidative removal efficiency of trichloroethylene (TCE, model compound) by
the reactive rGO nanocomposite membrane.
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7.3

SYNTHESIS OF NANOCOMPOSITE RGO MEMBRANES:
Nanocomposite rGO membranes were synthesized on a PVDF membrane support

using a layer-by-layer (LBL) assembly approach, schematically represented in Figure 7-2
a. First, GO with a loading of 60 mg/m2 was deposited on the PVDF substrate by pressure
assisted filtration. Acrylic acid (5 wt%) was then polymerized on the surface of GO under
UV light in the presence of a Bisacrylamide (5 mol% of acrylic acid) crosslinker and a 1Hydroxycyclohexyl phenyl ketone initiator. A thin coat of GO (10-15 mg/m2) was then
deposited on top of the funtionalized GO surface. Five such cylces of UV-initiated
polymerization followed by the deposition of a thin layer of GO were carried out to
synthesize a nanocomposite layer. The composite membranes were incubated in an oven
at 90

O

C for 20 hours to reduce the deposited GO layers. Ferrous ions were then

immobilized on the introduced carboxylate ligands of PAA, by ion exchange cycle and
were later reduced to zerovalent Fe using NaBH4, as reported in our earlier publication
[34]. For the synthesis of Fe-Pd bimetallic NPs, palladium was coated on the surface of the
zerovalent Fe though redox reactions at the Fe surface by coating the membrane with an
aqueous Pd solution. The schematic representation and optical image of the nanocomposite
membranes are shown in Figure 7-2 (b, c).

Figure 7-2: Schematic representation of (a) membrane synthesis and (b) nanoparticleembedded polyacrylic acid-rGO nanocomposite membranes. (c) Optical image of
nanoparticle-embedded polyacrylic acid-rGO nanocomposite membrane.
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7.4

MEMBRANE CROSS-SECTION CHARACTERIZATION
First aim of this study was to characterize cross-section of the nanocomposite

membrane to measure nanocomposite layer thickness and investigate nanoparticle
distribution across the domain. Determining the distribution of iron across the GO layers
was critical to understanding the role of polyacrylic acid in in-situ nanoparticle synthesis.
In addition, the residence time of reactants in the membrane domain is directly proportional
to the thickness and, therefore, needs to be assessed.
Cross-section morphology of a nanocomposite rGO membrane sample synthesized
in the study is shown in Figure 7-3 a. The membrane surface was coated with platinum
before making the lamella to prevent any damage during milling by a Ga beam. The
deposited rGO layers exhibited two distinct regions: nanocomposite of rGO-PAA and
underneath rGO (Figure 7-2 b). The observed thickness of the rGO-PAA layer and the rGO
layer underneath were 110 and 150 nm, respectively. A high-resolution TEM image
showed the presence of nanoparticles in the membrane domain (Figure 7-2 b). EDS
mapping was performed across the different deposited layers to determine their elemental
composition. Elemental compositions for the three regions of the nanocomposite
membrane is summarized in e and EDS spectra for the nanocomposite domain (region 1,
Figure 7-2 b) can be found in Figure 7-2 g. The rGO-PAA domain had a high density of
Fe compared to underneath rGO domain (Figure 7-2 c). The Fe concentration dropped from
23% in the nanocomposite domain to 7% in the rGO domain. Owing to the relatively low
atomic proportion of Pd, weak signals for Pd were observed across the membrane thickness
along with the presence of some agglomerates (Figure 7-2 d). The high density of
nanoparticles in the PAA funtionalized rGO domain compared to the nonfunctionalized
domain signifies the importance of introducing carboxylate groups for in-situ synthesis of
nanoparticles.
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Figure 7-3: Cross-section of the nanocomposite membrane imaged using Transmission
Electron Microscopy. a) HAADF image of the lamella of GO membrane cross-section
prepared using focused ion beam. b) High resolution image of the nanocomposite
membrane showing active layer of GO membrane (reduced GO (region 2) and polyacrylic
acid composite GO (1)). c and d) Distribution of Fe and Pd across the membrane crosssection obtained using EDS, respectively. e) Elemental composition of the nanocomposite
membranes in the three regions as highlighted in figure b. f) Elemental composition
determined across the depth of the membrane using XPS. Remainder of the elemental
composition represented in figure f is Carbon. g) Energy dispersive spectrum of
nanocomposite rGO layer functionalized with Fe/Pd nanoparticles obtained for
functionalized GO layer in TEM.

Elemental composition across the membrane thickness was also determined using
XPS (Figure 7-2 f). The membrane surface contained 56% C, 3% N, 4% Fe, 32% O and
5% Pd. The membrane sample was etched using a 1000eV argon beam, and the elemental
composition was determined at different etched intervals. Spectra corresponding to the
binding energies of the analyzed elements are shown in Figure 7-4. Fluorine concentration
increased gradually and reached a maximum of 14% after an etch time of 900 s. During
the initial etching cycles, fluorine from the lower PVDF substrate was not observed,
suggesting the absence of defects. After etching the membrane sample for 900 s, the argon
beam likely had penetrated through the nanocomposite rGO layer, and photoelectrons from
the bottom substrate were likely measured by the detector. The oxygen content also
declined to 2% after 900 s of etching. As expected, the elemental proportion of Fe and Pd
declined after 900 s of etching, as there are no ligands present in the PVDF matrix to
immobilize the precursor for nanoparticle synthesis.
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Naturally, high metal nanoparticle loading may be desirable for a higher reaction
extent.The loading of Fe nanoparticles in the membrane depends on the extent of PAA
functionalization. Our earlier research with PAA functionalized microfiltration membranes

Figure 7-4: XPS spectra of the functionalized layer and underneath the rGO layer of
the nanocomposite rGO membrane embedded with Fe-Pd nanoparticles. (a,b,c,d,e,f,g)
and (h,i,j,k,l,m,n) shows the spectra for binding energies at the membrane surface and
underneath GO layer for Survey, carbon, oxygen, nitrogen, fluorine, iron, and
palladium, respectively.
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extensively investigated the impact of functionalization conditions on the loading of
nanoparticles [195,196]. Furthermore, carboxylic functionalities in the membrane can
potentially immobilize the leached Fe and provide an opportunity to re-functionalize the
membrane matrix with nanoparticles through repeating ion exchange cycles. Higher
nanoparticle loading could be achieved by increasing the proportion of PAA in the
nanocomposite domain of the membrane. However, its influence on the perm-selectivity
of the membrane will require further investigation.
Reactivity of the nanoparticles with persulfate depends on the oxidation state of
iron in the nanoparticles. Minerals/oxides containing iron in Fe(II) form, such as magnetite,
are reported to have high reactivity compared to iron in Fe(III) form, such as ferric
oxide.[197] Therefore, characterization was extended to determine crystalline structure of
nanoparticles. The crystalline structures of the nanoparticles obtained using XRD were
consistent with the literature.[198,199] Synthesized zerovalent Fe nanoparticles had a
dominant peak at 2Ө=45O corresponding to Fe(110) (Figure 7-5 a). Post-coating of
nanoparticles with palladium showed diffraction peaks corresponding to Pd(111) and
Pd(311) at 38O and 76O, respectively. The BET analysis of the nanoparticles showed a type
II isotherm with a specific surface area of 8 m2/gm (Figure 7-5 b). Characterization of
nanoparticles (synthesized in solution phase) using XRD and BET thus suggested that Pd
is indeed coated on the Fe-nanoparticles, and these nanoparticles have a non-porous
spherical geometry.
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Figure 7-5: Characterization of solution phase synthesized iron nanoparticles by X-ray
diffraction (XRD) and BET. Nanoparticles were synthesized in solution phase from a
ferrous ion precursor in the absence of membranes. a) XRD pattern: (Bottom)
synthesized zerovalent iron nanoparticles, (middle) Nanoparticles after persulfate
oxidation reactions and (top) Fe-Pd bimetallic nanoparticles. b) BET surface area
analysis of lab-made iron nanoparticles (zerovalent) and commercial magnetite
nanoparticles. Commercial magnetite nanoparticles were purchased from Sigma
Aldrich

During synthesis of the membranes, GO was reduced to improve the stability.
Membranes were incubated at 90 0C for 24 hours. After reduction, GO had a significant
loss of free water and hydroxyl functionalities. A lower oxygen content, increased
hydrophobicity, and decreased interlayer spacing was also observed. Extensive
characterization of the GO during thermal conditions is reported in our earlier publication
[80].
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7.5

WATER PERMEABILITY AND SEPARATION PERFORMANCE
Separation performance of rGO in the loose nanofiltration regime was of interest,

as the removal of larger organics before activation of persulfate in the membrane domain
would prevent side reactions of these organics with sulfate-free radicals. Performance of
the nanocomposite membrane was investigated by measuring pure water permeability and
retention of salt and humic acids (model compound for NOM). rGO membranes are
negatively charged, loose nanofiltration membranes with a size exclusion cutoff around 1.2
nm in an aqueous media and partial salt retention capabilities.[20,47]. In this study,
performance was tested in two cross-flow cells operated in a parallel configuration, one
containing the rGO membrane (rGO loading: 120 mg/m2) and the other containing the
nanocomposite rGO membrane.
Nanocomposite rGO and rGO membranes exhibited a pure water permeability of
1.9 and 2.3 LMH/bar, respectively, for TMP up to 7 bar (Figure 7-6 a). Initially, we aimed
at quantifying the change, if any, in the size-based exclusion performance of the rGO
membranes after introduction of nanoparticles into the membrane matrix. Neutral red dye
(size: 1.2 nm, MW: 289 g/mol) was used as a probe molecule to check for any microscopic
defects introduced in the membranes during synthesis. Graphene oxide membranes are
known to have high retention of neutral red (over 90%) [10]. Both rGO and nanocomposite
(with metal nanoparticles) rGO membranes exhibited high retention of neutral red. It is
interesting to note that perm-selectivity of the membrane was not significantly affected by
the incorporation of nanoparticles in the membrane domain, suggesting the incorporated
functionalized domain didn’t add significant resistance for the transport of molecules
across the membrane (Figure 7-6 c). During the study, both membranes showed significant
decay in flux, around 60%, during the filtration of neutral red. An average flux recovery
around 75% was observed after rinsing the membranes with pure water.
GO membranes are known to partially retain salts owing to the presence of
negatively charged carboxylate groups in the confined interlayer spacing [24]. Membrane
salt retention was evaluated using Na2SO4, NaCl, MgSO4 and MgCl2 with a feed
concentration of 7 mM at a TMP of 7 bar. The corresponding rejections of the four salts
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by the nanocomposite rGO membrane were 55%, 30%, 25%, and 5%, respectively, and
56%, 47%, 43% and 16%, respectively for the rGO membrane (Figure 7-6 b). The observed
trend in salt retention indicates that salt exclusion by rGO and nanocomposite rGO
membranes is charge-driven, as the rejection of MgCl2 was lower than that of NaCl and
the rejection of MgSO4 was lower than Na2SO4. Donnan exclusion is reported as the major
underlying exclusion mechanism compared to size exclusion [46]. GO sheets tend to swell
in water and the effective interlayer spacing is larger than the hydration radii of ions [163].
Therefore, steric hindrance has a significantly lower contribution in the overall exclusion
mechanism. Lower salt retention by rGO membranes can be advantageous in applications
requiring organics removal from water with high salt concentrations or where removal of
minerals from water is not desired because rGO membranes would likely experience less
fouling due to hardness precipitation and lower osmotic pressure gradients [166].
Next, we tested the retention of NOM by rGO membranes using 100 ppm humic
acids (model compound) as feed in a cross-flow mode of operation. Both membranes
showed high retention of humic acids, rejecting around 80% of the feed (Figure 7-6 c).
Partial permeation of humic acids through the membranes can be attributed to the

Figure 7-6: Performance of rGO and rGO nanocomposite membranes. a) Permeability,
b) Salt retention, and c) Humic acid and neutral red retention by the membranes. Salt
retention was measured for 7 mM salt feed at an operating pressure of 6.9 bar and
average flux of 15 LMH. Humic acid and Neural red retention was measured at 6.9 bar
operating pressure gradient and a feed concentration of 100 ppm and 50 ppm,
respectively.
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polydispersity of humic acids. Membrane flux declined by 10% after 6 hours of
experimental operation. Humic acids are anionic macromolecules and are expected to be
retained by GO membranes through steric hindrance and charge repulsion.
7.6

REACTIVITY PERFORMANCE:

7.6.1 Persulfate decomposition:
A persulfate-mediated pathway was employed for reactive removal of organic
contaminants. A persulfate-mediated pathway has advantages over one mediated by
hydrogen peroxide such as a longer half-time of the sulfate-free radicals compared to
hydroxyl radicals, selectively higher reaction rates with electron-rich contaminants, less
severe scavenging on sulfate radicals by persulfate compared to that of hydrogen peroxide
on hydroxyl radicals, and enhanced degradation rates at elevated temperatures [111,112].
An initial set of experiments was conducted using different Fe-based nanoparticles
to quantify the removal efficiency. Persulfate activation by zerovalent Fe (1:1 molar ratio)

Figure 7-7: Persulfate activation by zerovalent (ZVI) iron in solution phase (with
dispersed nanoparticles) and batch mode operation. [persulfate feed]=2mM, Initial pH:
7, Temp: 23OC
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was tested by reusing the nanoparticles over two cycles in a batch mode experiment. For
the first run, persulfate decomposed at a rapid rate, with all persulfate being consumed
within a reaction time of sixty minutes (Figure 7-7). The second cycle of persulfate
activation, reusing Fe from the first run, showed no persulfate conversion. This suggested
that all Fe was converted to ferric oxide, which was later confirmed by XRD (Figure 7-5
a).
The reactive properties of Fe-based nanoparticles for persulfate activation are found
to improve when Fe nanoparticles are doped with group 10-11 elements, such as Cu, Ni,
and Pd [200]. The reaction pathway is reported to proceed through the generation of a
sulfate-free radical [201]. Therefore, an initial set of experiments was conducted with
different Fe-based nanoparticles to quantify the persulfate decomposition efficiency. Pddoped Fe nanoparticles were also investigated for persulfate activation. Reactive
performance for persulfate decomposition by zerovalent Fe and Fe/Pd bimetallic (90:10
Fe:Pd atomic ratio) particles (1:1 molar ratio) was evaluated over four cycles of 24 hours
in a batch-mode operation. Nanoparticles were reused during repeated cycles of the

Figure 7-8: Persulfate decomposition by iron and iron-palladium bimetallic
nanoparticles. [Persulfate_feed]=2 mM, [Fe]=2 mM, for Fe-Pd bimetallic nanoparticle,
Pd wt%=10, initial pH: 7, temp: 23OC.
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experiment. For zerovalent Fe nanoparticles, high persulfate decomposition occurred
initially then dropped substantially (<5%) for subsequent cycles (Figure 7-8). However,
Fe/Pd bimetallic nanoparticles retained their reactivity during the experiment and had an
average decomposition efficiency of 40% over four cycles. Considering the superior
reactive performance observed for bimetallic particles, Fe nanoparticles embedded in the
membranes were post coated with Pd.
Reactive performance of nanocomposite membranes was tested by passing a 2 mM
persulfate solution through the membrane in a dead-end mode of operation at two TMPs
(pH 7 and 23OC) over 17 hours of operation. Improved mass transfer coefficients are an
advantage of passing the persulfate solution through the membrane, as the reactants are
convectively driven to the nanoparticles embedded in the membrane pores. Initially,
filtration was operated at a TMP of 0.4 bar and more than 95% conversion of persulfate
was observed. For subsequent filtration operation at a TMP of 1.4 bar (three times the

Figure 7-9: Activation of persulfate by nanocomposite GO membranes. Persulfate
decomposition was conducted in a dead-end mode of operation. [Persulfate]feed=2 mM,
pH=7, Temp=23OC. The x-axis shows the total cumulative operational time (>17 hours)
during a study conducted over a span of 17 days.
130

residence time at 0.4 bar), one would expect about 85% steady state conversion, but the
drop to 26% indicated lower reactivity of oxidized iron/Pd nanoparticles (Figure 7-9).
Corresponding fluxes at the two investigated TMPs were 2 and 7 LMH. Leaching of iron
during the experiment was also monitored by measuring the concentration of dissolved
iron in the permeate with inductively coupled plasma. Iron loss due to leaching was around
8% during the experiment. For the lower operating flux, the residence time of the reactant
in the reactive domain is higher and therefore, a greater extent of reaction is expected.

7.6.2 Stability of rGO membranes
Naturally, the stability of rGO membranes in an aqueous and oxidative environment
is vital for the application of these membranes. Reduction of GO is advantageous in this

Figure 7-10: a) FTIR and b) Raman spectra of rGO before and after 72 hrs of persulfate
exposure (7.2 mM) at 50OC
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case as it imparts stability in two ways. First, reduction of GO enhances the pi-pi stacking
of the deposited sheets, preventing them from dislodging from the substrate [11]. Second,
reduction of GO is essential for improving the resistance of this material against oxidizing
radicals. Functionalities present on GO, such as hydroxyl and epoxy are more susceptible
to cleave from the backbone. Owing to the high electron density of these electron rich
functionalities, they are susceptible to attack from the electrophilic sulfate-free radicals.
Furthermore, the activation energy for removing these functionalities is expected to
decrease with increasing oxidation of GO. Partial removal of these functionalities by
reduction of GO is therefore important. In this study, rGO membranes showed negligible
flux change during the experiment, represented by Figure 7-9, suggesting stable
performance of the membranes within an oxidative environment. An additional experiment
was performed by treating rGO with persulfate solution at an elevated temperature of 50OC.
rGO samples after 24 and 72 hours of exposure were characterized by Raman and FTIR
spectroscopy (Figure 7-10). During the experiment complete decomposition of persulfate
occurred, however, no obvious changes in either of the spectra were observed, suggesting
no significant introduction of defects or functionality changes in rGO films during
persulfate exposure.

7.6.3 Oxidative removal of Trichloroethylene:
Residence time of the reactant in the membrane domain is typically short (on the
order of few seconds) for a reasonable flux [137]. It, therefore, necessitates fast reaction
kinetics to achieve a greater extent of oxidation for organic contaminants. To establish the
kinetics of the reaction, persulfate-mediated oxidation of a saturated solution of TCE was
conducted. The saturated solution of TCE comprised of a liquid TCE droplet in equilibrium
with water (2 ml TCE/Liter water). Chloride produced during the reaction was monitored
to determine the extent of reaction using a chloride probe. Oxidation of TCE by sulfate free
radicals generates chloride as byproduct and, in an ideal situation, this reaction should
result in complete mineralization of TCE which would yield three moles of chloride for
one mole of TCE [197]. Before every run, persulfate (7.2 mM) was added to the saturated
TCE solution and chloride formation was monitored for 30 minutes. During this phase, no
significant amount of chloride was formed, suggesting relatively slower kinetics of TCE
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decomposition by persulfate itself. The saturated solution of TCE containing persulfate
was then spiked with Fe/Pd nanoparticles (20 ppm). A rapid increase in chloride
concentration was observed, as shown in Figure 7-11. Three replicate trials were
performed, each run consisting of three successive spikes of nanoparticles. The reaction
produced 0.4 mM of chloride within 60 seconds of reaction and a total of 0.8 mM chloride
in 5 minutes after spiking the 20 ppm nanoparticles. Eventually, the reaction slowed
dramatically owing to the consumption of Fe(II) sites.
After ensuring fast kinetics, TCE oxidation experiments were conducted on the
nanocomposite rGO membranes by passing solutions through the membrane under a
pressure gradient. TCE solution (0.3 mM) was passed through the membranes in the
presence of 2 mM persulfate solution at TMPs (transmembrane pressure) of 0.5, 1 and 2

Figure 7-11: Trichloroethylene decomposition by persulfate-mediated oxidative
pathway in solution phase. Solution phase decomposition conducted with saturated
TCE-water phase solution (2000 ppm). Generated chloride was monitored after spiking
solution containing 7 mM persulfate with 20 ppm Fe/Pd nanoparticles.
133

bar in a dead-end mode of operation. The extent of TCE oxidation was determined by
measuring the concentration of TCE on both the feed and permeate sides. Respective TCE
conversions achieved at the three TMPs were 61, 52 and 27%, respectively (Figure 7-12).
At higher operating pressures, the flux of the solute is high. As a result, residence time of
the reactant in the reactive domain is low, and one would therefore expect lower TCE
conversion. A control run performed using TCE solution in the absence of persulfate
showed up to 14% TCE loss which was attributed to adsorption and vapor losses. Thus,
nanocomposite membranes offer an opportunity to achieve controlled extent of reaction by
regulating transmembrane pressure and, therefore, residence time.
One of the advantages of employing persulfate-mediated oxidation reactions is
significant enhancement in the reaction rates at elevated temperatures due to thermally
activated fission of the peroxy linkage. To investigate the effect of temperature on TCE
removal efficiencies (0.7 mM feed), a solution-phase oxidation reaction was conducted at

Figure 7-12: Trichloroethylene decomposition by persulfate mediated oxidative
pathway initiated by the nanocomposite membrane. Oxidation was conducted with 0.2
mM TCE in the presence 2 mM persulfate at pH 7 and 23OC.
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4OC, 21OC and 40OC in the presence of nanocomposite membranes (0.5 cm2) and 4 mM
persulfate in 20 ml glass vials (Figure 7-13). At different time intervals throughout the runs,
vials were collected from the sets and concentration of persulfate and TCE were measured.
Control samples showed a loss of <1%, 4% and 10% at 4OC, 21OC and 40OC, respectively,
in the absence of persulfate. Corresponding decompositions of persulfate at the three
temperatures after 24 hours of reaction time were 5%, 10% and 65%, respectively, clearly

Figure 7-13: Persulfate mediated oxidation of TCE in the presence of the
nanocomposite membranes (soaking mode, no convective flow) at different
temperatures. TCEfeed: 0.7 mM, Persulfate: 4 mM. Decomposition experiments were
conducted in 20 ml glass vials with no head space. 0.5 cm2 of membrane samples were
used for oxidation reactions.
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signifying the role of temperature in persulfate activation. TCE degradation after 24 hours
at corresponding temperatures were 10%, 22% and 54%, respectively. Lower conversion
(compared to convective flow, Figure 7-12) would be expected due to internal mass
transfer limitation. Thus, our results suggest elevated temperatures can also be effectively
used in enhancing persulfate-mediated TCE removal efficiency.
The oxidation of organic contaminants for a sulfate-free, radical-mediated pathway
occurs via formation of organic radical cations by electron transfer from the organic
compound to the sulfate radical [202]. Subsequent hydrolysis of the organic radical cations
results in the formation of oxygenated products. To analyze the intermediates of persulfatemediated TCE oxidation, a solution-phase oxidation of 0.7 mM TCE was conducted in the
presence of persulfate (5 mM) and nanoparticles (100 ppm). For a reaction time of 1 hour,
30% conversion of TCE was observed. The reaction mixture was then reacted with hexyl
alcohol in the presence of H2SO4 at 60% to esterify the acidic reaction intermediates. The
GC-MS analysis of the esterified reaction mixture suggested the presence of chloro-acetic
acid as one of the products (Figure 7-14). Similar products have been reported for hydroxyl
radical-mediated oxidation of TCE [111].

Figure 7-14: Analysis of TCE oxidation intermediates by GC-MS analysis.
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7.7

CONCLUSION
In summary, we synthesized nanocomposite, reactive rGO membranes which

demonstrated capabilities for separation in a loose, nanofiltration regime and initiation of
advanced oxidation reactions for removal of trace organic contaminants from water. A rGO
domain was functionalized with cross-linked polyacrylic acid using an LBL assembly,
which enabled in-situ synthesis of nanoparticles. TEM characterization of the film showed
high concentration of iron nanoparticles (12 % Fe, 0.6% Pd) in the PAA functionalized
domain. The functionalized membranes retained the separation performance of the rGO
layer, exhibiting 80% humic acid and partial salt rejection, which is important in reducing
the number of unwanted side reactions. The membranes effectively decomposed persulfate
and degraded up to 61% of TCE (at 23 oC) in a convective mode of operation. Obviously,
conversion could easily be increased by controlling residence time through the membrane
pores or running multiple passes at higher temperatures. The reactive membranes
synthesized in this study could potentially be used to remove smaller organic contaminants
through an oxidative pathway and retain larger organics by charge and size-based
exclusion.
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Chapter 8 Naphthenic acids removal from high TDS produced water by
persulfate mediated iron oxide functionalized catalytic microporous
membrane, and by nanofiltration

8.1

SUMMARY:
Multifunctional Graphene Oxide (GO) membranes were fabricated with an aim to

integrate advanced oxidation reactions with membrane based separation for efficient
removal of chlorinated organics from water by membrane catalyzed persulfate mediated
oxidation. Functional GO membranes were synthesized with an intent to separate larger
organics from water preventing formation of undesired chlorinated by-products. Layer by
layer assembly approach was used to fabricate a composite membrane consisting of GO
(top)-Polyacrylic acid (Middle)-GO (bottom) by casting of solution using wire wound rod.
Magnetite nanoparticles were in-situ synthesized in the membrane domain by
immobilizing iron precursor followed by reduction and controlled oxidation. Humic acids,
used as a model compound for the natural organic matters, were 70% removed. The

Figure 8-1: Graphical abstract for chapter 8.
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catalytic performance was tested initially through decomposition of persulfate, which
followed a pseudo first order degradation kinetics. Membranes exhibited oxidation
efficiency of 60% for 30 ppm TCE feed in the presence of 2 mM persulfate. Performance
of GO membranes for separation of another recalcitrant contaminant, perfluoro alkyl
substances (PFAS), was also investigated. GO membranes were found to reject 70% of the
feed PFAS. With the increasing extent of reduction of GO, the effective pore size of the
membrane narrowed and lead to higher retention of PFOA, tested in a convective mode of
operation. This study demonstrates efficacy of the developed multifunctional platform of
GO for persulfate mediated oxidation of chlorinated organics and removal of PFAS from
contaminated water (Figure 8-1). This chapter is published as Aher A., Bhattacharyya D.,
et al. Chemical Engineering Journal (2017) [34].
8.2

INTRODUCTION
In this study, we explored the application of FexOy functionalized membranes and

commercial nanofiltration (NF) membranes for remediation of the naphthenic acids (NA)
from water containing high concentrations of total dissolved solids (TDS). Due to the
presence of high TDS in the produced water samples used in this study, recovery of potable
water by membrane separation can be energy intensive due to high osmotic pressure
gradient and safe discharge with treatment (for remediation of NA) can be more feasible.
In a typical oil processing industry, approximately 2 m3 to 3 m3 of water is
consumed per cubic meter oil produced during operations, such as the Clark process.
During this process, NA and other oil extractible enters aqueous phase along with salts
[140]. NA are one of the commonly found organic impurities in the oil sand process water
and produced water from oil processing industries along with the high concentrations of
dissolved salts [88,141,142,203]. Study on mitigation of NA by different processes like
biodegradation, photolysis, advanced oxidation, coagulation-flocculation, and adsorption
have been carried out [29,204–206]. A combination of techniques also has been studied for
the cost-effective remediation and full-scale implementation [207–209]. Microbial
technology has shown promising results for mitigation of NA. However, high chlorine
content and the need for faster throughput limits the application of this technology [141].
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Advanced oxidation processes have proven to be useful in the oxidation of NA in
several studies [141]. Studies have reported a significant reduction in the concentration of
NA by persulfate based oxidation using different model compounds, such as cyclohexanoic acid, commercial NA mixtures and produced water samples [210,211]. The
decomposition of the NA by iron is proposed through adsorption of NA on the iron surface
forming complexes followed by sulfate radical based degradation. Drzewicz et. al.
observed cyclic NA, with 1 to 3 degree of unsaturation were preferentially removed at 20
O

C by persulfate based oxidation using zerovalent iron [211]. Degradation of similar NA

was also observed by Sohrabi et. al. in the initial period of extended study over 110 days,
in the absence of a catalyst [212]. Persulfate was able to degrade all the NA eventually,
and the toxicity of oil sand produced water (OSPW) contaminated with NA was lowered.
Separation of NA from produced water using membranes can also be utilized to
reduce the volume of produced water requiring advanced oxidation, thus improving the
chemically efficiency of overall process. NF and Reverse osmosis (RO) membranes have
the capabilities for separation of small organics from aqueous solutions [5]. However, it is
essential that NF membranes should have a negligible rejection for monovalent ions to
minimize the osmotic pressure gradient along with the high rejection for NA. Membranes
with high rejection of salt, such as RO membranes, will require an operating pressure more
than the osmotic pressure of the produced water. The estimated operating pressure of
produced water samples used in this study is quite significant (120 bar), and recovery of
potable water (by separating salts as well) will demand high energy for separation and
design of specific membrane modules for handling high operating pressure. NF membranes
are suitable for the treatment of produced water because of their low rejection for
monovalent ions at high ionic strengths and high rejection for NA [213,214]. NA have
molecular weights ranging from 200 g/mol to well over 500 g/mol along with the presence
of the charged carboxylate group and branching. This feature of NA makes them a suitable
candidate for separation by NF membrane. In this study, separation of NA by two
commercial nanofiltration membranes and treatment of concentrated stream by membrane
catalyzed advanced oxidation was also studied.
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In the previously reported work from our group, we studied the application of
iron/iron oxide functionalized membrane for removal of selenium from scrubber water by
reductive pathway [195]. Here, application of membrane-based technology for NA
remediation from high TDS water was investigated. To the best of our knowledge, this is
the first study reporting degradation of NA by FexOy functionalized membrane using
persulfate as an oxidizing agent. The primary objective of the research was to reduce the
oil extractible fraction from the produced water samples. For the same, FexOy
functionalized membranes were synthesized by in-situ polymerization of acrylic acid in
membrane pores followed by capture of Fe2+ and reduction to zerovalent iron
nanoparticles. The immobilized Fe nanoparticles were then oxidized by hydrogen peroxide
forming iron oxide (FexOy) nanoparticles in the membrane pores. The FexOy functionalized
membranes were characterized by scanning electron microscopy, infrared spectroscopy,
contact angle measurements, and energy-dispersive X-ray spectroscopy. Activation of
persulfate and decomposition of NA catalyzed by FexOy functionalized membrane were
studied with the model mixture and produced water samples. Commercial NF membranes
were also investigated for separation of NA from produced water samples. Advanced
oxidation of NA catalyzed by FexOy functionalized membranes combined with NF based
separation for remediation of NA from high TDS water as demonstrated in this study can
be a sustainable option.
8.3

MEMBRANE SYNTHESIS AND CHARACTERIZATION

8.3.1 Synthesis
Support membrane used in this study was a commercially available microfiltration
membrane, PVDF 400 HA, obtained from Nanostone, Co. The membrane has a PVDF
layer thickness of about 70 ± 5 µm (Figure 8-2) supported on a nonwoven fabric backing
with a thickness of 125 ± 5 µm as shown. Figure 8-6 shows the pore size distribution of
the membrane before and after functionalization. Mean pore size of the membrane, as
determined from the SEM image of the top surface is 37 nm.
Functionalization of the PVDF membrane was carried out by in-situ
polymerization, as reported in our earlier research [28]. Polymerization solution composed
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of 10 ml acrylic acid, 1 mole% N,N'-methylene bisacrylamide (as a crosslinker) and 1
mole% ammonium persulfate (as initiator) in 50 ml of deoxygenated DI water. After
soaking the membrane in polymerization solution for 10 min, the membrane was heated in
a convection oven for 2 h at 90 OC then cleaned with ethanol to remove any unpolymerized
residues. Simplified scheme for the polymerization of acrylic acid is shown in Figure 8-2.
These membranes are referred as polyacrylic acid functionalized (PAA) membranes. PAA
functionalized membrane was then ion exchanged with sodium (1L of 2000 mg/L as NaCl)
at pH 11 followed by an exchange with iron (200 ml of 200 mg/L as Fe2+). Immobilized
iron was further reduced to zerovalent iron by NaBH4 (500 mg/L) over two hours at 23 OC
to form zerovalent iron nanoparticles. Controlled oxidation with dilute H2O2 (76 mM) was
carried out for 10 minutes to form a passive oxide layer with an iron core (referred as FexOy
nanoparticles). Membranes with immobilized FexOy nanoparticles are referred as iron
oxide (FexOy) functionalized membranes.

8.3.2 Characterization
Polymerization of acrylic acid in the membrane pores was initiated by sulfate free
radicals generated from ammonium persulfate at 90 OC. In-situ polymerization resulted in
an average weight gain of 12% of the final weight. The surface of the membranes was
analyzed by FTIR to confirm the presence of carboxylic groups introduced by polyacrylic
acid (PAA) in the membrane matrix. FTIR of the PVDF and PAA functionalized

Figure 8-2: a) Simplified reaction scheme for polymerization of acrylic acid in the
membrane domain. b) SEM image of the cross-section of PVDF 400 HA microfiltration
membrane obtained from Nanostone, Inc.
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membrane are shown in Figure 8-3, with nonwoven backing material as the substrate for
the analysis. Absorption stretch for C-F bond from 1100 cm-1 to 1300 cm-1 was observed
for both the membranes. Stretch at 1650 cm-1 was observed for the PAA functionalized
membrane, indicating the presence of introduced carboxyl functionality in the
functionalized PVDF membrane. An additional stretch between 3500 cm-1 and 2900 cm-1
for PAA functionalized membranes showed the presence of OH from the carboxylic
functionalities in the membrane domain.

Figure 8-3: FTIR spectra of polyester support for Polyvinylidene fluoride
microfiltration (PVDF 400HE, Nanostone water co.) membrane (3), PVDF membrane
active layer (2) and PAA functionalized PVDF membrane (1).
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In addition, elemental analysis of the surfaces of membranes showed an increase in
O/C ratio from 3.52 % to 20 % after functionalizing PVDF membrane with polyacrylic
acid. XPS spectra of the surface were obtained to study surface elemental composition and
bonding. Figure 8-4 shows the C1s spectra of the PVDF and PAA functionalized PVDF
membrane. The wide survey spectrum (insert) indicates the presence of carbon (at 284.7
eV), fluorine (687-688 eV) and oxygen (at 532.5 eV) from GO. High-resolution C1s
spectra were obtained to study the surface functionalities present on the surface. C1s peak
was deconvoluted in four peaks as, C-C (284.7 eV), C-O (286.7 eV), C=O (288.7 eV) and
C-F (290.8 eV). C1s spectra of PAA functionalized membrane showed an increase in
intensity around 289 eV as compared to PVDF membrane. The observed increase in
intensity confirms the presence of C=O functionality after functionalization, which was
also observed with the FTIR characterization. Elemental composition of the membrane
showed an increase in oxygen content (Table 8-1). Fe peak (706-710 eV) was also noted
after immobilization of iron in the membrane domain.
Table 8-1: Surface elemental composition of the membranes at various stages of
functionalization as determined by XPS analysis.
Membrane

F (%)

O (%)

Fe (%)

C (%)

PVDF 400 HA (Nanostone)

38.98

3.52

na*

57.5

PAA functionalized PVDF

11.3

19.65

na*

69.05

FexOy functionalized PVDF

12.3

37.61

9.57

40.52

*na: not analyzed
PAA is pH sensitive polymer which tends to swell at pH >4.5. The presence of
PAA in membrane pores can be confirmed by measuring the flux response of the
membrane to pH after functionalization of the PVDF membrane. With the incorporation of
PAA, a pore volume of the membrane is reduced, resulting in lower flux. PAA is a pH144

responsive polymer, which tends to swell at higher pH (>pKa) due to increased repulsion
between negatively charged carboxylic group after deprotonation. At pH 7, the carboxylic
group will be deprotonated completely, leading to maximum swelling of the PAA layer
and narrowest pore dimension. This suggests the flux should be minimum at pH 7 (for pH
range of 2-7). Lewis et al. successfully modelled the pH responsive flux of micro filtration
membrane by a simplified pore flow model as described below [215]:

Figure 8-4: XPS spectra of (a) PVDF 400 HA (Nanostone, Inc.) and (b) PAA
functionalized PVDF membrane.
If J min and Jmax are the flux of water at pH 7 and pH 2, respectively, and assuming
the pore geometry to be cylindrical whose walls are decorated with PAA (Figure 8-5 a),
then flux at given pH can be predicted by Equation 7-1. The observed responsive flux of
the functionalized membrane (Figure 8-5 b) was fit using Equation 7-1 and yielded an
effective pKa value of 4.8 for the carboxylate group in the membrane pores.

𝐽𝐽𝑝𝑝𝑝𝑝 =
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[𝐶𝐶𝐶𝐶𝐶𝐶− ]
1
=
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Equation 8-1

The permeability of the membrane was measured at different stages of
functionalization. The permeability of the membranes reduced from 148.19 liters/m2/h/bar
(LMH/bar) to 8.17 LMH/bar (with a standard deviation of 3 LMH/bar) after functionalizing
the PVDF membrane with PAA (Figure 8-6, e and f). SEM images of the membrane surface
were obtained to study the changes in the pore geometry before and after functionalization
of PVDF membrane with PAA. SEM of the top surface showed a decrease in surface
porosity of the membrane after functionalization, suggesting the presence of polyacrylic
acid on the membrane surface and in membrane pores (Figure 8-6, a and b). The mean pore
size of the membrane reduced from 37 nm to 14 nm after functionalization (Figure 8-6, c
and d). The observed lower permeability for functionalized membrane can, therefore, be
explained by the lower volume of pores for water to flow through. In our earlier study, an
excess of PAA layer on membrane surface was observed by studying surface morphology
using the depth profile using X-ray photoelectron spectroscopy [195]. The excess of PAA
layer on the membrane surface is due to polymerization of residual acrylic acid on the
membrane surface.

Figure 8-5: a) Schematic representation of the ideal pore geometry after
functionalization. b) pH-responsive water flux behavior of PAA functionalized PVDF
microfiltration membrane. Operating Pressure: 1.3 Bar.

146

The contact angle of the membrane at different stages of functionalization was
measured using a sessile drop method. Contact angle lowered from 62O ± 5O, for PVDF
membrane to 46O ± 8O, for PAA functionalized membrane. Lower contact angle suggests
more hydrophilic surface of the PAA functionalized membrane, which is due to the
presence of carboxylate functionalities. The contact angle of 43O ± 7O was observed for
FexOy functionalized membranes suggesting no significant change in hydrophilicity after
nanoparticle immobilization.

Figure 8-6: SEM of top surface (a,b), pore size distribution (c,d) and permeability (e,f)
of PVDF 400 and PAA functionalized PVDF 400 membrane.
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Application of these membranes in advanced oxidation necessitates stable PAA
network in the pores of substrate membrane in an oxidative environment. In this study, the
polymeric (PAA) network was cross-linked with methylene bisacrylamide. Entanglement
of the cross-linked polymeric network within the pores of PVDF membrane enabled
confinement in the membrane pores. The stability of polymeric network in the membrane
domain was investigated by soaking membrane in 5000 mg/L persulfate solution at 70 OC
for 3 h and monitoring its permeability. The permeability of the membrane (at pH 7) were
4.35 LMH/bar and 4.86 LMH /bar before and after soaking it in persulfate solution. The
difference was within experimental error. Any loss in the polymer from the membrane
domain should result in an increase in membrane permeability, and complete loss of
polymer from the membrane pore should restore the permeability to its initial value (148
LMH/bar).

Figure 8-7: SEM and EDS of the FexOy functionalized membranes. a) Cross-section,
b) FexOy nanoparticles on the membrane surface, c and d) immobilized Na and Fe in
the cross section of the membrane.
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Cross section images were obtained by SEM and with integrated energy-dispersive
X-ray (EDS) detector to confirm the presence of FexOy particles in the functionalized
membrane matrix, as shown Figure 8-7. The average size of the iron oxide particles was
66 nm ± 17 nm. Analysis of the solution after acid digestion of the FexOy functionalized
membrane showed an iron content of 12 g/m2 of the membrane. Iron content in the
membrane matrix can be increased by repetitive ion exchange cycles, with Na and Fe as
demonstrated in our earlier study [195]. For this study, only one cycle of ion exchange was
performed with the PAA functionalized membrane.

Figure 8-8: Iron oxide particle characterization by TEM a) TEM image of iron oxide,
b) Particle size distribution, c) HRTEM image of iron oxide particle, d) SAED of iron
oxide nanoparticles, e) STEM-EDS line scan spectra, f) dark field image in STEM
mode.
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TEM characterization (as shown in Figure 8-8) of the iron oxide nanoparticles was
carried out with the solution phase synthesized particles in the absence of membrane
domain. Synthesized particles were spherical in shape (Figure 8-8, a) and had a core-shell
structure (Figure 8-8, c). SAED pattern was observed similar to magnetite particles (Figure
8-8, d), suggesting the major fraction of oxide layer was magnetite. EDS line scan of the
nanoparticle showed higher Fe/O in the core as compared to the shell (Figure 8-8, e),
confirming the presence of an oxide shell (about 5 nm) on the nanoparticles. To further
analyze the content of iron by oxidation state, nanoparticles were dissolved in dilute HCL
(5%) and analyzed by a spectroscopic technique using 1,10-phenanthroline as a
complexing agent. The analysis showed 10.1 % Fe(III) content of the total Fe present in
the nanoparticles.
8.4

ACTIVATION OF PERSULFATE
Catalytic properties of the FexOy functionalized membrane was studied by the

decomposition of persulfate in the membrane domain. In a typical persulfate
decomposition experiment, persulfate solution (500 mg/L) was passed through the FexOy
functionalized membrane at different flow rates and temperature, and concentration of
persulfate in the permeate was determined. The residence time of solution in the membrane
pores was controlled by changing the pressure difference across the membrane. A decrease
in persulfate concentration on increasing the pressure gradient was observed after passing
persulfate solution through FexOy functionalized membrane, as shown in Figure 8-9.
Control study carried out with non-functionalized membrane showed a negligible decrease
in persulfate concentration. Residence time of the solution in the membrane domain was
calculated using plug flow reactor model to fit the kinetics of the reaction. Data was
observed to fit pseudo-first order kinetics with the rate proportional to the concentration of
persulfate anion as indicated by Equation 8-2. The temperature dependent rate constants
were determined from the slope of ln(Ct) vs. residence time at different temperatures. The
apparent activation energy of 18 Kcal/mole, was observed from the Arrhenius fit using the
determined rate constants and corresponding temperature.
𝑑𝑑𝑆𝑆2 𝑂𝑂82−
𝑑𝑑𝑑𝑑

= 𝑘𝑘 × [𝑆𝑆2 𝑂𝑂82− ]

Equation 8-2
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Reduction of catalytic property happened with the repeated use of the FexOy
functionalized membrane. The final conversion of persulfate decreased with each pass of
persulfate solution (50 ml), for an average residence time of 5.2 sec, as shown in Figure
8-10. Higher conversion of persulfate was observed on treatment of the FexOy
functionalized membrane with NaBH4 after the fourth pass indicating the catalytic property
of the membrane was restored up to 90% of its initial activity.
FexOy functionalized membrane turned brown from black after its exposure to
persulfate solution. The color change suggests conversion of iron (II) oxide to iron (III)
oxide immobilized in the membrane. Oxidation state and iron leached at each stage of the
regeneration process of FexOy functionalized membrane (1.25 cm2, Iron loading: 9.1 g/m2)
was analyzed by a colorimetric technique using 1,10-phenanthroline as a complexing
agent. FexOy functionalized membrane showed an increase in Fe(III) content from 10.1 %
to 67.3 % when exposed to 500 ppm persulfate solution for 3 hours. A loss of 5% of the
total Fe content was observed after the exposure to persulfate solution. During the

Figure 8-9: Decomposition of persulfate by FexOy functionalized membrane at
different temperatures. Average iron loading: 1.2 mg/cm2, Initial persulfate
concentration: 1.8 mM.
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regeneration process, using NaBH4 as a reducing agent (1000 ppm, V: 20 ml, t: 12 h),
Fe(III) content reduced from 67.3 % to 19 % and iron leached from the membrane was 3
% of the total Fe content. Also, the membrane had significant black stains on the surface,
indicating partial restoration of Fe(II) oxide.
Fe2p spectra of the FexOy functionalized membranes at different stages of the
treatment were obtained using XPS (Figure 8-11). Two main feature peaks including 2p3/2
(710.6 eV) and 2p1/2 (724.0 eV) were observed in the XPS spectra of FexOy functionalized
membrane. Upon exposing the membrane to PS solution, a satellite 2p3/2 (719.3 eV) peak
was observed, however, the intensity of the peak was a minute. For the membrane sample,
which was later exposed to the NaBH4 solution, satellite peak disappeared. As the intensity
of the peak was minute, it was difficult to qualitatively determine the oxidation state of
iron from the XPS spectrum.

Figure 8-10: Change in reactivity of the FexOy functionalized membrane after several
passes of persulfate solution. Average residence time: 5.2 sec, Iron loading: 1.2
mg/cm2, Persulfate feed: 1.8 mM, pH: 5, temperature: 23 OC. *persulfate conversions
were normalized with the conversion after first pass.
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The FexOy particles formed under our experimental conditions are core-shell in
nature with an oxide layer formed on the zerovalent iron core. In a detailed study carried
out by Kusic et. al. on iron-catalyzed persulfate decomposition, the author developed a
model for persulfate decomposition catalyzed by ferrous ions and zerovalent iron [131].
The rate of persulfate and hence the generation of sulfate radicals is significantly enhanced
by the Fe(II) sites present on the FexOy nanoparticles. During the exposure of persulfate
solution to the magnetite nanoparticles, Fe(II) sites on the surface will be depleted, and
diffusion of the reactant to the particle core will limit the rate of reaction. After membrane
regeneration, the proportion of FeO and Fe(II) increased as determined by phenanthroline
method, restoring the catalytic sites and improving the catalytic performance of the
membrane.

Figure 8-11: XPS (Fe2p peak) spectra of FexOy functionalized membranes.
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8.5

NAPHTHENIC ACID DEGRADATION

8.5.1 Naphthenic acid (NA) oxidation in batch mode:
Initial oxidation experiments for NA were carried out in the presence of ferrous
ions. The pH of produced water samples was lowered to 3.5 to prevent the precipitation of
iron in the form of Fe(OH)3. For produced water samples, 95% (5% - Detection limit of
DTIR) degradation of NA was observed, with potassium persulfate (5000 mg/L) at 23 OC,
in the presence of 5 mM Fe2+ and reaction time of 10 min. Ferrous ions were observed to
be very efficient in oxidizing NA from produced water samples. Studies were further
directed towards the heterogeneous catalysis by magnetite nanoparticles for persulfate
based oxidation. The control run performed with magnetite nanoparticles (1000 mg/L) and
no oxidizing agent, showed no significant adsorption of NA (<5 mg/L, detection limit) on
magnetite nanoparticles. For produced water samples, 38% of NA was degraded in the
presence of an oxidizing agent. Experiment repeated for the synthetic solution showed 46%
degradation of NA. Lower NA degradation efficiency was observed for FexOy
functionalized membrane in the batch-mode operation, as shown in Figure 8-12, indicating
diffusion resistance for reactants limiting the accessibility of the FexOy particles located
inside the membrane matrix. The concentration of the dissolved Fe(II) was less than 10
ppm (7% of the initial iron leached from the FexOy functionalized membrane) suggesting
soluble iron should not have any significant contribution to the overall catalytic
degradation. In summary, homogeneous catalysis showed the maximum potential for NA
degradation. The nanoparticle/heterogeneous catalysis study showed a lower reactivity as
expected (homogeneous vs. heterogeneous) followed by FexOy functionalized membranes.
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As observed in Figure 8-10, the catalytic property of the membrane reduced after
exposing it to persulfate solution, due to conversion of Fe(II) oxide to Fe(III) oxide.
Reduction in the catalytic effectiveness of the membrane was further investigated by a
series of degradation experiments conducted for 8 h cycles, under similar conditions. After
the first run, NA concentrations reduced by 50 %. However, only 15% reduction in
concentration (by oil extraction method) was observed after the second run for the same
membrane. Iron leached in first and second runs were 14.4 % and 12.3 %, respectively,
which suggests loss in reactivity after the second cycle is due to complete oxidation of iron
to Fe(III) state. Functionalized membrane was then treated with NaBH4 for regeneration of
catalytic activity by reduction of iron. The third run after regeneration resulted in 18%
reduction in concentration, and a loss of 16.2 % iron. The lower efficiency observed even
after regeneration was due to a significant portion of iron leached over its exposure to
persulfate solution (slightly acidic media) over three runs. Therefore, an ion exchange cycle

Figure 8-12: Batch mode degradation of naphthenic acid (NA) in different water
matrices. Feed persulfate= 17 mM, NA in DI water= 48 mg/L, NA in synthetic
solution= 38 mg/L, NA in produced water= 34 mg/L, Magnetite= 1000 mg/L,
Membrane area exposed= 13.2 cm2, (time: 24 hr and initial pH 5 for heterogeneous
reactions).
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was performed on the same piece of the membrane as described in experimental section to
restore the iron content. After restoration, reduction in NA concentration by 56 % was
observed after the fourth run of degradation experiment. Thus, our study over repetitive
cycles suggests restoration of lost iron is critical for catalytic activity of the membrane.
SEM images of the membrane before and after the experiment (as shown in Figure 8-13)
showed some aggregation of nanoparticles after PS exposure. Reduction in the effective
surface area due to aggregation will also reduce the catalytic efficiency of the FexOy
functionalized membrane to some extent. Additionally, the total organic content (TOC) of
the solution measured before and after the first run of the mentioned degradation
experiment showed a decrease by 12%. The reduction in TOC is due to partial
mineralization.

Figure 8-13: a) SEM image of the top view of FexOy functionalized membrane before
PS exposure. b) SEM image of the FexOy functionalized membrane after the PS
exposure (5 runs).

8.5.2 Naphthenic acid (NA) oxidation in convective mode:
In a series of experiments, produced water samples were passed through the FexOy
functionalized membrane in dead-end mode filtration for an average flux of 2 LMH to
simulate realistic process conditions. In the batch mode of the study, diffusion of the
reactant to the catalytic sites is a major factor limiting the rate of kinetics. Convective flow
through the membrane pores exposes water to the FexOy particles in the membrane pore
more than the batch process by lowering mass transfer resistance. The preliminary run
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showed 44% reduction (34 mg/L to 19 mg/L) in the concentration of NA from the produced
water samples (Figure 8-14). No significant adsorption of NA on FexOy functionalized
membrane was observed in a control experiment in the absence of K2S2O8. NA
concentrations for the synthetic solution were lowered by 47% (38 mg/L to 20 mg/L)
further verifying oxidation of NA in the produced water matrix. Produced water samples
were passed through the FexOy functionalized membrane twice at a controlled temperature
(22 OC or 40 OC) with the addition of persulfate (5000 mg/L) at each pass with a goal of
further reducing NA concentrations. A significant drop in NA concentration (by 42%) was
observed during the second pass, lowering final concentration to less than 10 mg/L at 40
O

C. In-series oxidative treatment by FexOy functionalized membrane can thus be employed

to meet the discharge standards.

Figure 8-14: Conversion of NA in different water matrix on passing through FexOy
functionalized membrane convective flow. Iron loading=1.2 mg/cm2, Persulfate=17
mM. Average flux= 2 LMH.
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8.6

NAPHTHENIC ACID (NA) CONCENTRATION BY NANOFILTRATION (NF)

MEMBRANES:

Organic and inorganic contents of the produced water used in this study are
summarized in Table 8-2. Produced water samples had high concentrations of monovalent
ions (Na+ and Cl-). Lower activity of ions has been observed for high ionic strengths in
several studies. For the ionic strength of 3 mole Kg-1 (ionic strength of produced water),
Bates et.al. observed an activity coefficient of 0.71 and 0.50 for NaCl and CaCl2,
respectively [216]. Using these activity coefficients, we estimated an osmotic pressure of
approximately 120 bar for the produced water. Nanofiltration membranes have a low
rejection for monovalent ions at such high ionic strengths. Two commercially available NF
membranes, NF8 (Nanostone water co.) and NF270 (DOW-FLIMTEC) were investigated
for separation of NA from aqueous solutions. Both membranes are polyamide membranes
with negative surface potential at neutral pH. The observed pure water permeabilities for
the two membranes were 13.4 LMH/bar and 16.7 LMH/bar, respectively.
Table 8-2: Inorganic and organic analysis of produced water samples used in the study.
Inorganic species

mg/L

Br-

130

Cl-

130000

F-

0

NO3-

0

NO2-

0

Sulfate

20

NH3 as N

60
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HCO3- (as CaCO3)

182

CO32- (as CaCO3)

0

Total alkalinity (as CaCO3)

182

Ba

42

Ca

3500

Fe

46

Mg

1200

K

300

Na

61000

Silica

44

pH

6.06

Spec. Conduct (uS/cm)

624000

SG

1.13

TDS

220000

TOC

270

TSS

133
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8.6.1 Nanofiltration (NF) membrane performance for Naphthenic acid (NA)
separation:
Separation of NA by NF was carried out with NA (Sigma-Aldrich) in DI water,
synthetic solution and produced water samples (prefiltered by 0.22 µm filter). High
rejection of NA was observed for both membranes, as shown in Figure 8-15 c. The
chromatograph of produced water samples after NF based separation is shown in Figure
8-15 b.

Figure 8-15: a) Produced water sample after filtration by 0.22 µm filter, b) GC-MS
spectra (selected ions: 95+109) of produced water samples treated with iron oxide
functionalized membrane in batch mode, c) Naphthenic acid (NA) rejection by
nanofiltration membranes from different water matrices. Synthetic solution: NA
concentrations: synthetic solution (mixture from Sigma-Aldrich dissolved in produced
water): 38 mg/L, DI solution: 48 mg/L, Produced water: 34 mg/L.
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8.6.2 Water flux and salt rejection
Rejection of salt and water flux was monitored in the cross-flow cell over 20 h, as
shown in Figure 8-16 a. The rejection of various salts is summarized in Table 8-3. Filtration
process was operated at near 0% recovery to avoid any significant change in the
composition of the feed water over the course of the experiment. Lower ion rejection was
observed for produced water samples as compared to the studies with single salt solutions
in DI water, which is mainly due to the screening of membrane charge [190]. Despite the
low rejection of NaCl of 6.8% and 5% for NF8 and NF270 membranes, the estimated
osmotic pressure difference due to NaCl rejection were 4.2 and 2.8 bar, respectively. The
major fraction of the applied pressure gradient (6.8 bar) was, therefore consumed to
overcome the osmotic pressure gradient. A decline in flux was also observed over the
course of experiment with the produced water (80.4 % and 90% of the initial flux for NF8
and NF270, respectively). After the course of operation, the membrane was washed with
DI water, and a flux recovery of 90% and 94% was observed for NF8 and NF270
membrane, respectively.

Figure 8-16: a) Flux of produced water through nanofiltration membranes for 20 h at
0% recovery (filtration cell operated at crossflow mode, Pressure: 6.8 bar, temperature:
22 OC), b) Flux of produced water through nanofiltration membrane with increasing
water recovery (filtration cell operated at dead end mode, pressure: 10.3 bar,
temperature: 22 OC).
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Flux behavior of the produced water with increasing water recovery was studied
for both the membranes in stirred filtration cell operated in dead-end mode. Decay in water
flux was observed for both the membranes as shown in Figure 8-16 b. Flux decay was more
pronounced for the NF8 membrane (decay: 48% of initial flux) as compared to NF270
membrane (decay: 35% of initial flux). Membrane fouling and increasing osmotic pressure
difference with increasing recovery contribute to flux decline during recovery. As water is
recovered, rejected ions lead to increased salt concentration on the retentate side resulting
in higher osmotic gradient during filtration.
Table 8-3: Rejection of naphthenic acids, monovalent and divalent ions by NF8 and NF270
membrane.
Produced water Feed NF8 permeate

NF270 permeate

Naphthenic acids (mg/L)

34

<5

<5

Na (mg/L)

66,246

61,677

62,922

Ca (mg/L)

3382

2607

2894

Mg (mg/L)

1110

403

629
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8.7

INTEGRATION OF NANOFILTRATION (NF) WITH ADVANCED OXIDATION

CATALYZED BY FEXOY FUNCTIONALIZED MEMBRANE FOR NAPHTHENIC ACID (NA)
REMEDIATION:

A combination of NF and FexOy functionalized membrane based oxidation can also
be employed to lower concentration of NA in a more cost effective way, as shown in Figure
8-17. NF membranes can reduce NA concentration from large volumes of the produced
water. Oxidative treatment can further treat the retentate from the same before discharge.
Produced water used in this study contained 35 mg/L NA. In one of the study, oxidative
treatment of the concentrate stream after 70 % recovery using NF8 reduced NA content
from 75±10 mg/L to 31±7 mg/L. For the oxidative treatment of the concentrated stream
from the NF8 membrane, batch mode oxidation catalyzed by FexOy functionalized
membrane was employed. Oxidation was carried with [PS]=5000 mg/L, at 230C for 24 h
and initial pH of 4.8. The concentration of NA was detected by solvent extraction followed
by IR analysis. Thus NF membrane can treat 80% of the water to create a discharge quality
water (<10 mg/L), and FexOy functionalized membrane (advanced oxidation process) can
treat the retentate stream to reduce NA concentrations.

Figure 8-17: Schematic representation of the integration of nanofiltration membranes
and FexOy functionalized membranes for treatment of Naphthenic acid (NA) from
produced water.
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8.8

CONCLUSIONS:
We herein have demonstrated the application of catalytic membranes for oxidation

of NA using persulfate as an oxidizing agent. In this study, FexOy functionalized
membranes were synthesized by in-situ polymerization of acrylic acid within the pores of
a commercial MF membrane followed by ion exchange, reduction, and controlled
oxidation. Persulfate decomposition on the FexOy functionalized membrane followed
pseudo-first order kinetics with an activation energy of 18 Kcal/mol. In the study, the
catalytic property of the FexOy functionalized membrane to decompose persulfate
decreased over repetitive use. The NaBH4 treatment restored the catalytic property of the
FexOy functionalized membrane up to 90% of the initial activity. NA concentration was
reduced to 8 mg/L (from 34 mg/L) after the second pass through FexOy functionalized
membrane in the presence of persulfate at 400C. Exclusion of NA from produced water
samples by NF membranes was also investigated. DOW FLIMTECH NF270 and
Nanostone NF8 membrane had 79% and 82% NA rejection, respectively, and thus proving
to be a promising alternative for NA treatment. We proposed a combined process of
nanofiltration-based separation followed by treatment with FexOy functionalized
membrane for lowering concentrations of NA to meet the discharge standards.
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Chapter 9 Conclusion and Recommendations
The primary goal of this study was to synthesize Graphene Oxide-based and
reactive membranes for separations and purification applications in water and organic
solvent media. This work elucidates the critical role of water sorption in determining
solvent permeation performance and relates the physiochemical properties of GO to the
selective molecular separation from solvent-water mixtures. An understanding of ionic
transport through rGO membranes was further developed, and applications in the treatment
of produced water and removal of persistent organic contaminants were investigated.
Catalytic membrane platforms based on layer-by-layer approaches with rGO and
polymeric microfiltration membranes were synthesized for applications in environmental
remediation of organic contaminants. Key advancements made to science and engineering
are summarized below.
9.1
•

KEY ADVANCEMENTS TO SCIENCE AND ENGINEERING
Stable ultrathin (70nm) GO films were synthesized on porous polymeric substrates
using different coating approaches and by employing a post-reduction technique of
thermal incubation.

•

The role of water sorption and the initial state of the membrane (wet vs. dry) was found
to have an immense impact on time-dependent flux behavior and stabilization aspects
because of the surface properties of graphene oxide. By extensive experiments with
water and isopropanol (IPA), and various solutes, over two-fold higher corridor
opening (3.3 nm) with IPA vs. water was observed.

•

The use of rGO-based organic solvent-water based nanofiltration membrane for
separations

of

high-value

lignin-derived

model

aromatic

compounds

was

demonstrated. One of the key findings of this study is the tunable performance of rGO
membranes for the retention of model trimeric (1.3 nm) compounds (from 18% to 70%)
by modulating the extent of reduction of GO. Another critical investigation of this study
was the selective molecular separation of lignin-derived model dimeric and trimeric
compounds by rGO membranes.
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•

Ionic transport through the rGO membrane was elucidated through a comprehensive
experimental and modeling approach. Modeling approach based on extended Nernst
Plank equation incorporated the role of steric hindrance, convective coupling and
charge based interaction for the transport of ions. The model was successful in
explaining the membrane’s behavior under multiple parameters, such as membrane
thickness, charge density, nature of ions, feed pH, ionic strength, and operating flux.

•

A novel approach for the incorporation of polyelectrolytes and iron nanoparticles in the
crosslinked polymer domains of reduced graphene oxide membranes was introduced.
The nanocomposite structure enabled the integration of separation performance of rGO
membranes in the nanofiltration regime with iron nanoparticle catalyzed oxidative
reactions for removal of organic contaminants from water. This study advances the
field of GO-based membranes and water detoxification by integrating bimetallic
(Fe/Pd) nanoparticles in layer-by-layer assembled composite structures.

•

An advanced membrane-based approach for the remediation of Naphthenic acids from
high TDS produced water was investigated. Herein, an application of iron oxide
functionalized membranes for catalyzing the degradation of naphthenic acids using
persulfate as an oxidizing agent was studied. The study also investigated the separation
of naphthenic acids from high TDS water using low salt rejection nanofiltration
membranes. A combination of nanofiltration based separation of NA followed by
concentrate degradation by catalytic membranes has excellent potential for effective
remediation of naphthenic acids from high TDS produced water.

9.2

SPECIFIC ACCOMPLISHMENTS/CONCLUSIONS

9.2.1 Synthesis of reduced Graphene Oxide membranes
(Chapter 3)
•

Defect-free ultrathin films of GO (70-200 nm) were deposited using different
techniques, such as pressure-assisted filtration and drop-casting, and by employing a
commercially scalable method of shear assisted coating using wire-wound rod (typical
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sample size: 200 cm2). The GO membranes exhibited a size exclusion cut-off of 1.2
nm, as established through extensive retention studies conducted using various
dendrimers, dyes, and polymers as probe molecules.
•

Thermal incubation resulted in a loss of oxygen-containing functionalities, such as
hydroxyl and carboxyl from the basal plane of GO sheets and partially restored sp2
domain. Oxygen to carbon ratio of GO was modulated in this study, which resulted in
tunable hydrophilicity (contact angle with water ranging from 330 to 820) and interlayer
spacing (ranging from 0.93 nm to 0.78 nm) in GO laminates. Furthermore, the
reduction of GO by thermal incubation significantly improved the limits of shear
stability (tested up to 1.7 Pa) of the deposited film on the substrate, under cross-flow
filtration conditions.

9.2.2 The behavior of rGO membranes in water and isopropanol (IPA)
(Chapter 4 and A. Aher et al., Carbon 2017)

•

Preferential sorption of water over IPA was observed in the rGO membranes. The FTIR
characterization of the GO laminates suggested the formation of stable water sorbates
in the GO domain. Also, XRD characterization of rGO membranes exhibited an
increase in interlayer spacing of GO from 0.79 nm to 1.25 nm, suggesting the sorption
of water molecules causing the channels to swell. The rGO didn’t show any significant
swelling in IPA. The Water molecule was also found to displace IPA molecules from
the GO domain.

•

The Permeability of IPA (and possibly for other organic solvents) that have weaker
adsorption energy on the GO sheet than water molecules, depended on whether the
membranes were initially contacted with moisture. Membranes exhibited exceptionally
high permeability of 20.1 LMH/bar for pure IPA. The flux of the membrane decayed
exponentially to 75% of the initial value in the presence of a small amount of moisture
(5%) and decreased permeability to a final steady-state value of 1.6 LMH/bar during
the first hour of operation.

•

Larger solvent corridor for “dry” state of GO membranes was observed than for the
“wet” state in size-exclusion studies. The dye rejection test indicated that rGO
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membranes had a size cutoff of 3.3 nm and 1.3 nm for “dry” and “wet” state of rGO,
respectively.

9.2.3 Selective separations of model lignin oligomeric compounds
(Chapter 4 and A. Aher et al., Separation and Purification Technology, 2020)

•

Impressive performance with the rejection of over 70% for the model compound
trimer BMP (2,6-bis[(2-hydroxy-5-methyl phenyl) methyl]-4-methylphenol) was
achieved compared to only 20% rejection for the dimer GGE (guaiacylglycerol-βguaiacylether) with isopropanol-water (90–10% by volume) as a solvent. This
corresponds to an encouraging selective separation with selective permeation of dimer
(GGE) 3.5 times higher compared to trimer (BMP).

•

The separation performance of GO was effectively modulated by controlling the O/C
ratio (0.44 to 2.3) by the extent of the reduction of GO. The retention of the model
lignin-derived trimer compounds by the rGO membrane increased with the degree of
reduction. It was attributed to the higher steric hindrance to the transport of molecules
by rGO membranes owing to a decrease in interlayer spacing.

9.2.4 Ionic transport through reduced Graphene Oxide membranes produced
water treatment and removal of persistent organic contaminants (perfluorooctanoic
acids, PFOA)
(Chapter 5 and A. Aher et al, Journal of Membrane Science, will be submitted in December
2019)

•

A charge dominated mechanism was observed for retention of ions by rGO
membranes. Lower steric hindrance for the transport of ions was found due to the
swelling of rGO membranes in an aqueous environment. Rejection of ions decreased
at low pH and higher ionic strength, owing to a decrease and screening of the effective
density of charged functional groups.

•

Effective pore opening, charge density and diffusion lengths of rGO membranes were
established and compared with commercial nanofiltration membranes with the aid of
analysis based on the Extended Nernst-Planck equation. The impact of parameters
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influencing steric hindrance and charge interactions to the transport of solutes was
quantified.
•

rGO membranes were found to partially remove hardness (up to 13% Ca removal)
from high TDS produced water along with high retention (74%) of dissolved oil (an
organic impurity).

•

Exclusion of Perfluoroalkyl substances (PFAS) and their concentration by rGO
membranes was studied using perfluorooctanoic acid (PFOA) with an impetus on
elucidating the underlying exclusion mechanism. Membranes exhibited 80% removal
of PFOA for 1 ppm feed at pH 7. PFOA retention by rGO membranes was driven by
charge and steric hindrance.

9.2.5 Reduced Graphene Oxide-based nanocomposite reactive membranes
(Chapter 6 and A. Aher et al., RSC-Advances, 2019)

•

Nanocomposite, reactive rGO membranes were synthesized using a layer by layer
assembly approach. The method enabled the incorporation of cross-linked
polyacrylic acid in the membrane domain and in-situ synthesis of bimetallic (Fe/Pd)
nanoparticles.

•

The functionalized membranes retained the separation performance of the rGO layer,
exhibiting 80% humic acid and partial salt rejection, which is important in reducing
the number of unwanted side reactions.

•

A persulfate mediated pathway was employed for the oxidative decomposition of
trichloroethylene (TCE). High persulfate conversion (>95%) and TCE oxidation
(60%) was achieved by convectively passing the solution through the reactive rGO
membranes. The extent of reaction was controlled by varying the residence time in
the membrane pore domain through modulating transmembrane pressure.
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9.2.6 Produced water treatment using reactive microporous and commercial
nanofiltration membranes
(Chapter 7 and A. Aher et al., Chemical Engineering Journal, 2017)

•

In this study, FexOy functionalized microporous, polyvinylidene fluoride membranes
were synthesized by in-situ polymerization of acrylic acid and synthesized iron oxide
nanoparticles within the pores.

•

A persulfate mediated oxidative pathway was employed for the oxidation of
naphthenic acids (NA) from produced water samples containing high TDS. Persulfate
decomposition on the FexOy functionalized membrane followed pseudo-first-order
kinetics with an activation energy of 18 Kcal/mol. Naphthenic acids (NA) from
produce water were decomposed by convectively passing feed solutions through the
reactive membranes.

•

The exclusion of NA from produced water samples by NF membranes was also
investigated. Commercial nanofiltration membranes, DOW FLIMTECH NF270 and
Nanostone NF8 membrane had 79% and 82% NA rejection, respectively, and thus
proving to be a promising alternative for NA treatment. A combined process of
nanofiltration-based separation followed by treatment with FexOy functionalized
membrane was proposed for lowering concentrations of NA to meet the discharge
standards.

9.3
•

OVERALL SCIENCE AND ENGINEERING ADVANCEMENTS
In this study, we demonstrated that the physicochemical properties of GO play a
critical role in determining perm-selectivity of the membranes. The selectivity of the
membrane through controlled reduction was modulated through controlled reduction
of GO.

•

Sorption of water on GO has an immense impact on permeation performance;
narrower effective pore opening is observed for GO in wet conditions. “Wet” GO
shows improved selectivity in organic solvents compared to “Dry” GO.

•

Ionic transport through GO and other charged pollutant anions (such as PFOA)
experiences a charge governed resistance. A model based on extended Nernst Plank
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equation was effectively used in assessing membrane performance under a wide set
of operational and membrane parameters.
•

Incorporation of Fe-based nanoparticles in the membrane domain through in-situ
synthesis enabled the advanced oxidation process for decomposition of organic
contaminants in membrane pores. We demonstrated synthesis and applications of
these membranes in the remediation of contaminants with relevance to superfund
sites (Trichloroethylene) and energy-related produced water streams (Naphthenic
acids).
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Appendix
Code for modeling ionic transport through Graphene Oxide membrane (Chapter 6)
Nernst Plank equation function at each node:
function y=np(x)
global a_part jv xd as rp diff l T z kc kd R F phi
%a_part is intial partitioning and potential term
%phi is net partitioning factor: steric
p=diff./l;
res=(R*T*l/F)./z./diff;
y(1,1)=-p(1)*(x(1)-a_part(1))+kc(1)*jv*a_part(1)+(x(5)-a_part(3))*a_part(1)/res(1)jv*x(3);
y(2,1)=-p(2)*(x(2)-a_part(2))+kc(2)*jv*a_part(2)+(x(5)-a_part(3))/res(2)*a_part(2)jv*x(4);
y(3,1)=z(1)*x(1)+z(2)*x(2)+xd;
y(4,1)=phi(1)*x(3)-x(1)*exp((x(6)-x(5))*z(1)*F/R/T);
y(5,1)=phi(2)*x(4)-x(2)*exp((x(6)-x(5))*z(2)*F/R/T);
y(6,1)=z(1)*x(3)+z(2)*x(4);
%x(1) concentration at membrane perm ion 1
%x(2) concentration at membrane perm ion 1
%x(3) concentration in permeate ion 1
%x(4) concentration in permeate ion 2
%x(5) potential at membrane on permeate side
%x(6) potential of permeate
end
Partitioning function
function y=partitioning(x)
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global xd z cmem T R F rp as phi
cf1=cmem(1);
cf2=cmem(2);
z1=z(1);
z2=z(2);
y(1,1)=x(1)-phi(1)*cf1*exp(z1*x(3)*F/R/T);
y(2,1)=x(2)-phi(2)*cf2*exp(z2*x(3)*F/R/T);
y(3,1)=z1*x(1)+z2*x(2)+xd;
end
Estimation on hindrance coefficient
function z=hinder(ri)%[kd,kc]
global rp
lam=ri/rp;
kid=1-2.3*lam+1.154*lam*lam+0.224*lam*lam*lam;
kic=1+0.054*lam-0.988*lam*lam+0.441*lam*lam*lam;
z(1)=kid;%diffusion
z(2)=kic;%convection
end
%------------------------------------------------------------------------Working file for NF270 membrane
clc
clear all
clf
global xd z cmem T R F rp as phi a_part jv l diff kc kd
kb=1.38*10^(-23);
e=1.6*10^(-19);
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rp=0.43*10^(-9);
xd=-22;
l=0.055*10^(-6);
clear rej
clear flux
cmem=[5,5];
z=[2,-2];
as=[0.428,0.379].*10^(-9);
diff=[1.33,1.06].*10^(-9);
T=298;
F=96450;
R=8.3142;
phi=(1-as./rp).^(2);
x0=[cmem(1),cmem(2),0];
fun=@partitioning;
a_part=fsolve(fun,x0)
ri=as(1);
y=hinder(ri);
kc(1)=y(2);
kd(1)=y(1);
ri=as(2);
y=hinder(ri);
kc(2)=y(2);
kd(2)=y(1);
x0=[cmem(1),cmem(2),cmem(1),cmem(2),a_part(3),a_part(3)];
for i=1:80
jv=i/3.6*10^(-6);
fun=@np;
clc
out=fsolve(fun,x0);
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rej(i)=(cmem(1)-out(3))/cmem(1)*100;
rmgso4(i)=rej(i);
flux(i)=i;
end
plot(flux,rej,'k')
axis([0 100 0 100])
hold on
x_3=[65.54 48.73 28.94 14.25];%expt data
y_3=[98.28 98.34 98.29 96.81];%expt data
scatter(x_3,y_3,'k')
%------------------------------------------------------------------------clear rej
clear flux
cmem=[10,5];
z=[1,-2];
as=[0.358,0.379].*10^(-9);
diff=[1.33,1.06].*10^(-9);
phi=(1-as./rp).^(2);
x0=[cmem(1),cmem(2),0];
fun=@partitioning;
a_part=fsolve(fun,x0)
ri=as(1);
y=hinder(ri);
kc(1)=y(2);
kd(1)=y(1);
ri=as(2);
y=hinder(ri);
kc(2)=y(2);
kd(2)=y(1);
x0=[cmem(1),cmem(2),cmem(1),cmem(2),a_part(3),a_part(3)];
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for i=1:80
jv=i/3.6*10^(-6);
fun=@np;
clc
out=fsolve(fun,x0);
rej(i)=(cmem(1)-out(3))/cmem(1)*100;
flux(i)=i;
rna2so4(i)=rej(i);
end
plot(flux,rej,'g')
x_2=[70.27 54.35 31.84 13.74];%expt data
y_2=[99.58 98.34 98.29 96.81];%expt data
scatter(x_2,y_2,'g')
%------------------------------------------------------------------------clear rej
clear flux
cmem=[5,5];
z=[1,-1];
as=[0.358,0.332].*10^(-9);
diff=[1.33,1.06].*10^(-9);
phi=(1-as./rp).^(2);
x0=[cmem(1),cmem(2),0];
fun=@partitioning;
a_part=fsolve(fun,x0)
ri=as(1);
y=hinder(ri);
kc(1)=y(2);
kd(1)=y(1);
ri=as(2);
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y=hinder(ri);
kc(2)=y(2);
kd(2)=y(1);
x0=[cmem(1),cmem(2),cmem(1),cmem(2),a_part(3),a_part(3)];
for i=1:80
jv=i/3.6*10^(-6);
fun=@np;
clc
out=fsolve(fun,x0);
rej(i)=(cmem(1)-out(3))/cmem(1)*100;
flux(i)=i;
rnacl(i)=rej(i);
end
plot(flux,rej,'r')
x_4=[73.57 54.84 33.31 15.96];%expt data
y_4=[67.21 63.23 58.03 43.57];%expt data
scatter(x_4,y_4,'r')
%----------------------------------------------------------------------------hold on
clear rej
clear flux
cmem=[5,10];
z=[2,-1];
as=[0.428,0.332].*10^(-9);
diff=[1.33,1.06].*10^(-9);
phi=(1-as./rp).^(2);
x0=[cmem(1),cmem(2),0];
fun=@partitioning;
a_part=fsolve(fun,x0)
ri=as(1);
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y=hinder(ri);
kc(1)=y(2);
kd(1)=y(1);
ri=as(2);
y=hinder(ri);
kc(2)=y(2);
kd(2)=y(1);
x0=[cmem(1),cmem(2),cmem(1),cmem(2),a_part(3),a_part(3)];
for i=1:80
jv=i/3.6*10^(-6);
fun=@np;
clc
out=fsolve(fun,x0);
rej(i)=(cmem(1)-out(3))/cmem(1)*100;
flux(i)=i;
rmgcl2(i)=rej(i);
end
plot(flux,rej,'b')
x_5=[62.34 45.08 27.10 13.17];%expt data
y_5=[81.91 78.93 73.47 54.82];%expt data
scatter(x_5,y_5,'b')
%--------------------------------------------------------------------------Working file for GO membranes
clf
clc
clear all
global xd z cmem T R F rp as phi a_part jv l diff kc kd
rp=0.6*10^(-9);
xd=-40;
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l=0.5*10^(-6);
clear rej
clear flux
cmem=[5,5];
z=[2,-2];
as=[0.428,0.379].*10^(-9);
diff=[1.33,1.06].*10^(-9);
T=298;
F=96450;
R=8.3142;
phi=(1-as./rp).^(2);
x0=[cmem(1),cmem(2),0];
fun=@partitioning;
a_part=fsolve(fun,x0)
ri=as(1);
y=hinder(ri);
kc(1)=y(2);
kd(1)=y(1);
ri=as(2);
y=hinder(ri);
kc(2)=y(2);
kd(2)=y(1);
x0=[cmem(1),cmem(2),cmem(1),cmem(2),a_part(3),a_part(3)];
for i=1:30
jv=i/3.6*10^(-6);
fun=@np;
clc
out=fsolve(fun,x0);
rej(i)=(cmem(1)-out(3))/cmem(1)*100;
flux(i)=i;
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rmgso4(i)=rej(i);
end
subplot(3,1,1)
plot(flux,rej,'k')
axis([0 30 0 100])
hold on
x_3=[22.27,6.97,11.43,17.31];%expt data
y_3=[41.37,17.24,27.58,37.93];%expt data
scatter(x_3,y_3,'k')
%------------------------------------------------------------------------clear rej
clear flux
cmem=[10,5];
z=[1,-2];
as=[0.358,0.379].*10^(-9);
diff=[1.33,1.06].*10^(-9);
phi=(1-as./rp).^(2);
x0=[cmem(1),cmem(2),0];
fun=@partitioning;
a_part=fsolve(fun,x0)
ri=as(1);
y=hinder(ri);
kc(1)=y(2);
kd(1)=y(1);
ri=as(2);
y=hinder(ri);
kc(2)=y(2);
kd(2)=y(1);
x0=[cmem(1),cmem(2),cmem(1),cmem(2),a_part(3),a_part(3)];
for i=1:30
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jv=i/3.6*10^(-6);
fun=@np;
clc
out=fsolve(fun,x0);
rej(i)=(cmem(1)-out(3))/cmem(1)*100;
rna2so4(i)=rej(i);
flux(i)=i;
end
plot(flux,rej,'g')
x_2=[24.05 22.44 13 8];%expt data
y_2=[82 79 70 57];%expt data
scatter(x_2,y_2,'g')
%------------------------------------------------------------------------clear rej
clear flux
cmem=[5,5];
z=[1,-1];
as=[0.358,0.332].*10^(-9);
diff=[1.33,1.06].*10^(-9);
phi=(1-as./rp).^(2);
x0=[cmem(1),cmem(2),0];
fun=@partitioning;
a_part=fsolve(fun,x0)
ri=as(1);
y=hinder(ri);
kc(1)=y(2);
kd(1)=y(1);
ri=as(2);
y=hinder(ri);
kc(2)=y(2);
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kd(2)=y(1);
x0=[cmem(1),cmem(2),cmem(1),cmem(2),a_part(3),a_part(3)];
for i=1:30
jv=i/3.6*10^(-6);
fun=@np;
clc
out=fsolve(fun,x0);
rej(i)=(cmem(1)-out(3))/cmem(1)*100;
rnacl(i)=rej(i);
flux(i)=i;
end
plot(flux,rej,'r')
x_4=[9.38,3.92,15.51,29.50,23.42];%expt data
y_4=[15.78,5.26,18.68,28.84,27.57];%expt data
scatter(x_4,y_4,'r')
%----------------------------------------------------------------------------hold on
clear rej
clear flux
cmem=[5,10];
z=[2,-1];
as=[0.428,0.332].*10^(-9);
diff=[1.33,1.06].*10^(-9);
phi=(1-as./rp).^(2);
x0=[cmem(1),cmem(2),0];
fun=@partitioning;
a_part=fsolve(fun,x0)
ri=as(1);
y=hinder(ri);
kc(1)=y(2);
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kd(1)=y(1);
ri=as(2);
y=hinder(ri);
kc(2)=y(2);
kd(2)=y(1);
x0=[cmem(1),cmem(2),cmem(1),cmem(2),a_part(3),a_part(3)];
for i=1:30
jv=i/3.6*10^(-6);
fun=@np;
clc
out=fsolve(fun,x0);
rej(i)=(cmem(1)-out(3))/cmem(1)*100;
flux(i)=i;
rmgcl2(i)=rej(i);
end
plot(flux,rej,'b')
x_5=[22.49,17.52,11.69];%expt data
y_5=[7.32,5.89,4];%expt data
scatter(x_5,y_5,'b')
%---------------------------------------------------------------------------
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