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Abstract

Development of Antimicrobial Thin-Film Composite Forward Osmosis
Membranes by Using Silver Nanoparticles and Graphene Oxide

Nanosheets

Adel Soroush

Membrane filtration has been gaining great attention in water and wastewater treatments
processes because of its high-performance efficacy, modular design, and smaller physical
footprint. Thanks to special membrane materials and structure, osmosis processes are widely
used in water desalination and water reuse processes. Aside from their high performance of
osmosis processes, they inevitably do suffer from membrane fouling and biofouling during
treatment processes that significantly decrease water treatment performance and final product

quality.

Two different biocidal nanomaterials and their combinations were used in this project for
the modification of membrane surfaces and the development of biocidal membranes: silver

nanoparticles (AgNPs) and graphene oxide nanosheets (GO).

GO/Ag nanocomposite functionalization of TFC FO membranes provides an efficient
antimicrobial surface that has more desirable characteristics than those with only GO or Ag NPs.
Also, the higher hydrophilicity of the resulting membranes, the low material cost, and the ease of
preparation (dip coating method) offer a more efficient approach than other modification
methods. In comparison to the formation of AgNPs on pristine TFC FO membranes, the in situ
formation of AgNPs on the GO-modified membrane surface resulted in greater silver loading,

higher and longer lasting ion-release, and more effective antimicrobial properties.

The regeneration of GO-Ag-modified membranes was also examined. Modified
membranes were kept in DI water for seven days to emulate depletion. AgNPs were successfully
formed using an in-situ procedure on the surface of the membranes, identical to the initial
membrane formation. Results show that membrane hydrophilicity and its antimicrobial ability

decreased after the releasing process, however, the regeneration process allowed the membrane

1l



to nearly regain the properties seen in the freshly modified membrane. The simple regeneration
method developed in this study will allow on-site modification and regeneration of different

types of industrial membrane modules (hollow fiber, spiral wound).
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1 INTRODUCTION

1.1 Motivation

Global demand for clean water is growing in parallel with population growth; in coming
years, water will present itself as a pivotal environmental issue. Worldwide attention is focusing
on the complimentary technologies of water supply, reuse, and purification. Membrane
processes, among other energy-efficient technologies, enjoy excellent reputations due to their
modular design, ease of preparation, and high efficacy. Unfortunately, usage of these
technologies entail some inherent shortcomings, mostly attributed to membrane fouling and
biofouling. Through this study, we propose novel methods to overcome the problems as

mentioned above.

1.1.1 Water Scarcity throughout the World

Water is the core of sustainable development. Water resources, and the wide range of
services they are involved in support poverty reduction, economic growth, and environmental
sustainability. Water plays a significant role in the social well-being and economic livelihoods of
billions' notably in terms of areas ranging from food and energy security to human and
environmental health. According to the joint monitory report of the World Health Organization
(WHO) and the United Nations Children's Fund (UNICEF), although 1.6 billion people are using
a higher quality of pipelines and safe water, 748 million do not use an improved water source,
and 2.5 billion do not use improved sanitation facilities™ >. Nowadays, one-third of the world’s
population is living in water-stressed countries, and by 2025 this number is predicted to increase
to nearly two-thirds*. Several measures have been implemented to alleviate stresses on water
supplies, such as water preservation, infrastructure repair and improvement of water distribution

and irrigation systems.

While these measures are necessary and crucial, they only preserve existing water
resources and do nothing to expand them. The only available methods for increasing our water
supply are water desalination and water reuse processes’. Of these, water desalination shows
much promise as it offers high quality and stable, fresh water, and can be scaled for different
regions of the world with varying capacities. Water desalination technologies are categorized
into two important spheres: thermal processes and membrane-based processes. Early-stage

implementation of large-scale thermal water desalination plants has occurred in the arid Persian



Gulf nations. These processes involve heating and evaporating seawater; the steam is then
condensed to produce distilled fresh water. While technically capable of producing water, these

facilities consume substantial amounts of energy and emit huge volumes of greenhouse gasses.

Membrane based processes offer some of the most energy-efficient technologies for
seawater desalination. Reverse osmosis (RO) is one such process, where seawater is pressurized
against semi-permeable membranes to separate water molecules (which can pass) from salts
(which are rejected). RO is the most efficient membrane based desalination method, and is the

current benchmark for comparison with any new desalination technologies.

1.2 Osmosis-Based Membrane Processes for Water Desalination and Reuse
There are four established pressure-driven industrial membrane processes: microfiltration (MF),
ultrafiltration (UF), reverse osmosis (RO), and electrodialysis (ED)°. The membranes for each of
these processes require different structures and pore sizes. While MF and UF membranes consist
of mostly asymmetric porous layers, RO membranes are composed of multi-layers: a dense,
active polyamide top layer, an asymmetric, porous polysulfone middle layer and a polyester non-
woven bottom layer. Based on pore size and structure, membranes are capable of separating
different substances and contaminants from water. The membrane structure and applications are

depicted in Figure. 1.
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different types of contaminants that can be separated by each membrane process’.

RO is used mainly in water desalination and currently occupies 50% of the desalination
market. Desalination aims to increase the overall supply of fresh water via desalination of
seawater and saline aquifers that comprise 97.5% of all water on the Earth. Therefore, filtration
of a tiny portion could have a significant impact on water supplies and mitigate future shortages.
Although desalination technologies in all forms are often considered to be capital- and energy-
intensive processes, RO consumes less energy and is impacted less from corrosion and scaling

than thermal desalination processes’®.

Reverse osmosis uses membranes that are permeable to water but essentially
impermeable to salt. Pressurized salt-containing water contacts the feed side of the membrane
and purified water is withdrawn as a low-pressure permeate. The separation mechanism
occurring in RO systems is solution-diffusion; where water molecules are dissolved in the
polyamide active layer of the membrane, and then diffuse through the porous middle layer. The
water flux J; is a function of the applied pressure and concentration gradients across the

membrane:



Ji = A(Ap — Am) (1-1)

where Ap is the pressure difference across the membrane, AT is the osmotic pressure difference

across the membrane, and A4 is constant.

The salt flux J; across the RO membrane is described as:
Jj = B(Cjo — Cy) (1-2)

where B is the salt permeability constant and Cjo and C;j;, respectively, are the salt concentration
on the feed and permeate sides of the membrane. Selectivity can be calculated in different ways,
but conventionally it is measured as the salt rejection coefficient R as:

R=[1-%100% (1-3)

Jjo

Although RO systems (Figure 2) have a relatively low rate of energy consumption, they do
require the use of high-cost electrical energy and still are impacted by fouling and biofouling
problems. A portion of the electrical energy usage is inevitable due to the reversible
thermodynamic process, which is independent of the system and mechanisms. However, through
the implementation of novel, robust, high flux, low fouling membranes, energy usage can be

significantly reduced.
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Figure 2: Schematic picture of the reverse osmosis process used for seawater desalination5.

Other emerging osmosis-based desalination/separation processes include forward
osmosis (FO) and pressure-retarded osmosis (PRO) where a semi-permeable membrane is placed
between two solutions of different concentrations: a highly concentrated saline draw solution and
a more dilute feed solution. The osmotic pressure difference between the two solutions drives
water flow from feed to draw side. FO can address several drawbacks of RO and other pressure-

driven membrane processes.
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Despite recent developments in FO, there are still challenges that need to be overcome
before it can be successfully implemented. There is still some confusion about the energy
consumed during the FO process’. The ideal draw solution has remained elusive and is
considered to be the “Holy Grail” in FO. To be considered optimal, the draw solution needs to be
inexpensive, stable, non-toxic, highly soluble and mobile, have a molecular size large enough to
limit reverse salt flux though the FO membrane’s active layer, and be able to mitigate internal
concentration polarization (ICP)'*'". Fouling and biofouling of FO membranes are also a major
challenges. Fouling is the deposition and adsorption of feed water constituents to the membrane
surface. Such constituents include organic and inorganic compounds, colloidal particles, and
microorganisms. Fouling deteriorates the membrane performance and decreases the membrane
lifespan, which in turn increases operating costs for desalination. Although FO membranes are
considered to have lower fouling propensities than RO membranes because of their loosely
packed layers, the membrane surface is intrinsically prone to fouling and biofouling, and

therefore requires some modifications to counteract this problem.



1.3 Fouling and Biofouling Mitigation through Surface Modification

Fouling propensity in FO is governed by hydrodynamic operating conditions and the
affinity of foulants to the membrane surface. Therefore, fouling resistant membranes are
characterized by biocidal, hydrophilic, inert surfaces, and smooth topographies that prevent
foulant attachment. There are two different categories of membranes used in FO systems:
asymmetric cellulose triacetate (CTA) and polyamide thin-film composite (PA TFC)
membranes. The majority of studies on fouling in FO processes are related to CTA membranes
due to CTA being the primary type of membranes available in the commercial market until
recently'*!”. However, state-of-the-art TFC membranes have been shown to have higher water
permeability and salt rejection. They are increasingly being studied because they are inherently
prone to fouling due to their rough surfaces and the presence of different types of functional

groups on the surface such as carboxylic groups®.

Various methods of surface property modifications'® have been employed for fouling and
biofouling mitigation; the addition of different types of functional groups'?, polymer brushes'”,
modified nanoparticles,” and other biocidal materials*'. Surface modifications aim to increase
the membrane’s hydrophilicity, smoothness, and biocidal properties. The use of nanomaterials in
surface modifications has recently attracted great attention because of the special properties
nanomaterials can provide to a large surface area and biocidal properties they can add. Due to
their significant biocidal and hydrophilic properties, silver nanoparticles (Ag NPs) and graphene

oxide nanosheets (GO) have gained focal attention.

1.4 Biocidal Nanomaterials

1.4.1 Silver Nanoparticles

Metallic nanoparticles are of particular interest due to their unique properties and a myriad of
promising applications in areas such as environmental science and engineering®. Due to its
broad spectrum of antimicrobial properties, silver is widely used in biomedical applications,
water and air purification, cosmetics, clothing, and other household products. With the advent of
nanotechnology, the applications of silver have been expanded, and it is now the engineering
nanomaterial most commonly used in consumer products®. Ag NPs are nanoscale clusters of
metallic silver atoms, Ag’, engineered for a specific practical purpose: typically antimicrobial

and sterile applications.



The intrinsic properties of metal nanostructures can be designed and tailored by controlling their
size, shape, composition, crystallinity, and structure (e.g. solid versus hollow)** **. The most
common method of producing of Ag NPs is through the chemical reduction of a silver salt (the
precursor to silver) by dissolving it in water with a reducing agent such as sodium borohydride
(NaBHy,), citrate, glucose, hydrazine, or ascorbate®®. Strong reductants such as NaBH, lead to
small monodisperse particles, which are easier to control than larger particles. Weaker reductants
generate large polydisperse particles through slower reactions. To produce Ag NPs with
controlled size, a two-step method is utilized. In the first step, smaller nuclei particles are
prepared by employing a strong reducing agent. In the second step, they are enlarged by a weak
reducing agent®’. Another effective method for controlling the size and shape of Ag NPs is using
polymeric capping agents such as poly vinylpyrrolidone (PVP). Ag NP size, shape and stability
can be simply controlled by tuning the ratio between the capping agent (PVP) and precursor salt
(AgNOs)*™®. This ratio can also be used to optimize the thickness of the PVP layer and the
location of PVP chains on the surface of seed particles. Finally, this optimization can alter the
resistance of each crystal face to growth (addition of silver atoms) and can also lead to the

formation of silver nanostructures with distinct shapes and sizes.

1. REDUCTION 2. COALESCENCE 3. METASTABLE STATE =~ 4. COALESCENCE  FINAL NANOPARTICLES

Figure 4: Schematic illustration of the 4-step silver formation mechanism®.

As depicted in Figure 4, silver nitrate is first reduced by NaBHy (1) followed by rapid
growth due to coalescence (2). After these initial steps, the mean radius of silver is
approximately 1 nm. After reaching the metastable phase (3), the electrostatic stability of the
particles decreases due to the hydrolysis of borohydride, which leads to a second coalescence
step (4) and stable particle formation (5). At the fifth step, the size of Ag NPs increases to about

2
7 nm?>3°,



The reduction of silver nitrate by sodium borohydride is governed by the following equation:
AgNO; + NaBHy > Ag + - Hy + — ByHg + NaN O,
Sodium borohydride also reacts with water relatively slowly”":

NaBH, + 2H,0 — NaBO, + 4H,

Although the mechanism of bacterial inactivation by Ag NPs is not fully elucidated, the
three most common mechanisms of toxicity proposed are(1) release silver ions and generate
ROS; (2) interact with membrane proteins affecting their correct function; (3) accumulate in the
cell membrane affecting membrane permeability; and (4) enter into the cell where it can generate
ROS, release silver ions, and affect DNA Some of the observed and hypothesized interactions

between Ag NPs and bacterial cells are illustrated in Figure 5.
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Figure 5: Diagram summarizing nanoscaled silver interaction with bacterial cells. Nanoscaled silver may
(1) release silver ions and generate ROS; (2) interact with membrane proteins affecting their correct
function; (3) accumulate in the cell membrane affecting membrane permeability; and (4) enter into the
cell where it can generate ROS, release silver ions, and affect DNA. Generated ROS may also affect
DNA, cell membrane, and membrane proteins, and silver ion release will likely affect DNA and
membrane proteins™.



Ag NP toxicity is influenced by several factors such as particle size, shape, crystallinity,
surface chemistry, and capping agents, as well as other environmental factors such as pH, ionic
strength, and the presence of ligands, divalent cations, and macromolecules. As particle size
decreases, the specific surface area increases thus exposing a higher number of atoms on the
surface to redox and biochemical reactions. Furthermore, one of the key mechanisms of bacterial
inactivation is the release of silver ions. In general, the rate of release is proportional to the
particle surface area; smaller particles release more rapidly than larger particles and macroscopic
materials®> **. Atom densities at [1 1 1] facet also increase the toxicity of Ag NPs. Therefore, Ag
NP shape has an important effect on its toxicity’*. Truncated triangular NPs exert stronger
antibacterial activity than spherical and rod-shaped Ag NPs because they have more [1 1 1]
facets and can be more reactive®. The stability of Ag NPs also influences biocidal activity since
aggregation of NPs cause a decrease of biocidal activity®®. Different types of surfactants and
polymers (e.g. sodium dodecyl sulfate and PVP) are used to make NPs stable and enhance
biocidal activity. However, some ligand-capped Ag NPs are less bioactive because the capping

agent hinders the release of silver’’.

Environmental conditions such as pH, ionic strength, the presence of complexing agents
and natural organic matter, as well as NPs properties affect the toxicity of Ag NPs. They affect
the aggregation of Ag NPs by either screening electrical double layer repulsion®® or ion-release

that is governed by aquatic media pH, redox potential, ionic composition, and exposure to light**.

The applications of Ag NPs in membrane science have been widely studied. Used in both
surface modification and bulk incorporation, Ag NPs increase the biocidal activity of membranes
for mitigation of biofouling. Zodrow et al”® incorporated Ag NPs in polysulfone (PSf)
membranes to study antimicrobial properties and bacterial attachment to the membrane surface.
They concluded that the modified membranes, specifically the Ag” ions, were effective against
two strains of bacteria. An adverse issue observed in the use of this method was a rapid depletion
of silver due to dissolution. The researchers proposed encapsulating silver for a controlled
release and then regenerating the silver after depletion. Mauter et al*’ encapsulated antimicrobial
Ag NPs in positively charged polyethyleneimine (PEI) and covalently bonded it to plasma-
modified PSf ultrafiltration membranes in the presence, and absence of I-ethyl-3-(3-

dimethylaminopropyl) carbodiimide hydrochloride (EDC). They concluded that this new method
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of antimicrobial Ag NP surface modification increased the durability and biocidal properties of
the final reactive nanocomposite membranes. The results showed that the concentration of
released silver decreased by more than ten times after only two days. They concluded that using
EDC to fix the Ag NPs in place aided the biocidal properties of the membranes significantly.
They also proposed Ag NP regeneration for increased long-term effectiveness of nanocomposite

membranes.

A problem with surface modification of PSf membranes lies in the difficult and non-
permanent functionalization of the surface through plasma treatment. Sawada et al*' developed
hydrophilic polyethersulfone (PES) hollow fiber membranes through photo-polymerization of an
acrylamide layer and formation of Ag NPs by chemical reduction. Both organic and biofouling
were investigated, and they concluded that the acrylamide grafting layer was effective for
improving the membrane hydrophilicity. They improved organic antifouling properties with a
bovine serum albumin (BSA) solution. Finally, antimicrobial properties of Ag NP membranes
were confirmed through the halo zone test and the shake flask method. Although both organic
antifouling and antimicrobial properties were achieved, the modification process was difficult

and complicated.

Kim et al*? developed nanosilver and multi-walled carbon nanotube (MWNTs) thin-film
nanocomposite (TFN) membranes. The TFN membrane was synthesized by the interfacial
polymerization of a support layer containing acid-modified MWNTs and a thin-film layer of Ag
NPs. They concluded that incorporation of MWNTs and Ag NPs increased both the water
permeability of the membranes and their hydrophilicity. Salt rejection remained unchanged, and
the modified membranes showed enhanced anti-biofouling properties. However, the study was
limited by the fast release of silver ions and the lack of a regeneration process. Furthermore, Ag
NPs were distributed within the polyamide layer, and their efficacy in preventing cell-attachment
was controversial. The antimicrobial properties of the membranes were examined through the

disk diffusion method that is more of a qualitative as opposed to a quantitative test.

Liu et al* synthesized novel antibacterial silver nanocomposite nanofiltration (NF) and
forward osmosis membranes using layer-by-layer assembly. They prepared a polyacrylonitrile
porous layer and incorporated Ag NPs through dispersion in a polyelectrolyte solution

(Polycation poly (allylamine hydrochloride) and polyanion poly (sodium 4-styrene-sulfonate)).
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They concluded that their method is highly flexible in silver loading, and the resulting
membranes showed high performance and excellent antibacterial properties. The most significant
problem with this research was the distribution of Ag NPs on the membrane surface of the
membranes. Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy
(EDS) images showed large aggregation of Ag NPs on the membrane surface. Other drawbacks
of this method included poor regeneration of the Ag NPs and the lack of direct contact between

the silver and the bacteria.

Poornima et al** prepared silver-enhanced block copolymer membranes with biocidal
activity. Silver NPs were deposited on the surface and pore walls of the block copolymer
membranes, with highly ordered pore structures. To study the distribution of the Ag NPs, they
changed the pH and silver ion concentration and observed pH 9 as the best condition for the
distribution and highest efficacy. Based on SEM images, the Ag NPs were highly aggregated on
the surface of the membranes. Also, the silver content on the membranes decreased drastically
after 10 hrs, with the concentration of Ag in the permeate reaching 600 pg/L after two days, a

level higher than the standard for Ag concentration in drinking water™.

Rahaman et al"” employed the combination of anti-fouling polymer brushes and biocidal
Ag NPs via polyelectrolyte layer-by-layer (LBL) self-assembly for the surface modification of
TFC RO membranes. They capped Ag NPs with PEI and used poly (acrylic acid) (PAA) and PEI
LBL. They also used two different polymer brushes: poly (sulfobetaine) for increasing surface
hydrophilicity and poly (dimethylsiloxane) (PDMS) for reducing surface energy of membranes,
both for mitigation of the biofouling problem. Although the combination of polymer brushes,
LBL self-assembly, and Ag NPs provided hydrophilic, anti-attachment, and antibacterial
surfaces, silver content decreased to almost zero after two days. Furthermore, the modification
process was difficult and time-consuming, and the efficacy of Ag NPs in bacterial inactivation

was controversial because of the capping of silver by PEI.

Yin et al*® attached Ag NPs onto TFC membranes through covalent bonding using
cysteamine. In this study, no capping agent was used, and Ag NPs were covalently bonded onto
the membranes. Covalent bonding improved the Ag NP distribution and stability on the surface
and increased their biocidal properties. However, bacterial testing was only qualitative, the Ag

loading in this method was limited, and its regeneration after depletion was still an unsolved
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problem. Ben-Sasson et al*’ formed Ag NPs in situ on the surface of TFC RO membranes and
studied the effects of silver nitrate and sodium borohydride concentrations on silver loading,
membrane performance, and the antibacterial properties of the membranes. The in situ formation
process provided an easy formation procedure, potential high loading content of silver, and
effective biocidal inactivation of about 75%. They also studied biofilm formation, and results
showed that Ag NPs significantly suppressed formation, with a 41% reduction in total biovolume
and a significant reduction in extracellular polymeric substances (EPS), dead, and live bacteria
on the functionalized membrane. Although their work was significant in simplifying the surface
modification process and increasing loading content, again, the method suffered from a lack of

regeneration, a high release of silver in water, and incomplete bacterial inactivation.

Tang et al* * functionalized ultrafiltration PSf membranes using silver nanoparticles
through in situ formation and LBL methods. They first functionalized membranes with a
bioinspired polydopamine (PDA) film, followed by in situ formation of Ag NPs to mitigate
membrane biofouling. The modification method, in terms of silver formation, was easy; simply
exposing the membranes to a silver nitrate solution caused the Ag™ ions to be reduced by the
catechol groups in PDA. Results showed increased silver loading with exposure time. Without
the use of reductants such as sodium borohydride, silver loading was limited; silver loading
became sufficiently comparable to other methods only after long exposure times (24 hr) and

regeneration remained unsolved.

1.4.2  Graphene Oxide Nanosheets

It has been only 10 years since the isolation of graphene® and just over 5 since the 2010
Nobel Prize in Physics was awarded jointly to Andre Geim and Konstantin Novoselov for
“groundbreaking experiments regarding the two-dimensional material graphene™'. Graphene is
the thinnest, strongest material known, is highly transparent, and has high electrical and thermal
conductivity>*. Graphene sheets comprise a 2D layer of sp>-hybridized carbon atoms arranged in

hexagonal lattice®.

Graphene possesses several properties that make it appealing for different types of
applications. The most studied aspect of graphene is its electrical properties. Electrons in
graphene have high mobility, reaching 10000 cm® V'S™ to 50000 cm® V'S at room

temperature. It can sustain current densities up to six orders of magnitude higher than copper.™
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Despite having the thickness of a single atom, graphene is also the strongest possible material
with a Young’s modulus of E = 1.0 TPa and an intrinsic strength of 130 GPa in a perfect atomic
form.> Graphene is the extreme case of a high-surface-area material (with a theoretical value for
specific surface area: 2630 m’g™") since every atom of a single-layer graphene sheet is exposed
on both sides of its environment. It can be more efficient than CNTs when preparing polymeric
nanocomposites. Also, graphene represents an excellent support to anchor chemical
functionalities or nanomaterials, and thus, can be employed to synthesize graphene-based
nanocomposites as novel materials.’® One of the most popular approaches to graphene-based
materials is using graphene oxide (GO) due its lower production costs. GO is an oxidized form
of graphene, offering high densities of oxygen-containing functional groups (carboxyl, hydroxyl,
carbonyl, and epoxy) in the 2D carbon lattice (Fig. 6). The most popular preparation method for
GO is the chemical oxidation of graphite to form graphite oxide and subsequent exfoliation by
ultrasonication (Hummers method’’). Due to the abundance of functional groups on the surface,
the hydrophilic nature, and the higher interlayer distance, GO can be easily dispersed in water
and form stable suspensions in aqueous media. This hydrophilic nature, combined with both high
specific surface area and functional group density make GO nanosheets a suitable material for

chemical functionalization.

14



Figure 6: Chemical and 3D structures of GO nanosheets.

Graphene-based materials show promise in the design of antimicrobial surfaces that could be
effective in contact-mediated action. The advantage of graphene-based antibacterial materials is
that they do not deplete over time, or release biocides into the environment. Although the exact
bacterial inactivation mechanism of graphene-based materials is still controversial, some

%60 Graphene-bacteria

evidence suggests possible pathways of antimicrobial activity.
interactions range from sheet adsorption on the cell membrane surface, membrane puncturing
and penetration through the lipid bilayer, lipid extraction by the graphene sheet, as well as

oxidative stress.

In the past few decades, efforts have been made to develop inorganic nanostructures with
controlled shape, size, crystallinity, and performance for a variety of applications such as
electronics, optics, medicine, environmental science, and engineering. To enhance their
properties, and better control their shape, size, and distribution, a great number of inorganic
nanomaterials have been combined with graphene and its derivatives. The most popular
inorganic nanostructures are metals like Au® 62, Ag63'66, Pd67, Pt68, Cu67, TiO, 69, ZnO70, etc.
There two general methods for the fabrication of nanocomposites: ex situ hybridization and in
situ crystallization. Ex sifu hybridization involves the mixture of graphene-based nanosheets and
pre-synthesized, or commercially available, nanocrystals in a solution. Surface modification

using one or both graphene nanosheets and nanocrystals is often carried out to improve the
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attachment and bonding between the nanosheets and nanostructures. Although ex situ
hybridization can fabricate nanocomposites with desired functionalities, final nanocomposites
sometimes suffer from low density and non-uniform distribution of nanostructures. In contrast, in
situ crystallization can produce a higher nanostructure density and result in better distribution via
surface functionalization. The chemical reduction method is the most popular procedure for
forming metal nanostructures. Precursors of noble metals such as HAuCls, AgNOs3, K,PtCly, and

H,PdClg are simply reduced in situ by reducing agents such as amines, NaBH4, and ascorbic

acid™.
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Figure 7: Mechanisms of cellular inactivation of graphene nanomaterials with bacteria: puncturing the
cell membrane, generating reactive oxygen species (ROS), extracting phospholipids from the lipid bilayer
and adhering on the cell surface’'.

Graphene, and its derivatives, are used in membrane and desalination technologies in two

different ways: (1) as a barrier layer for water purification, and (2) as an antimicrobial agent for
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membrane modification, incorporated in bulk or deposited on the surface. Although graphene is
one atom thick, it is an impermeable material in its pristine form, which allows it to be used as a
barrier for gas and liquid permeation’ *. Hu et al. used GO nanosheets as water separation
membranes’'. The GO membrane was made via layer-by-layer deposition of GO nanosheets,
which were cross-linked with EDC on a polydopamine-coated PSf support. Cross-linking
provides layer stability and enables the stacking of GO nanosheets. Although novel membranes
show very high flux (roughly 4-10 times greater than that of most commercial NF membranes),

their rejection is poor, ranging from 6-46% rejection of monovalent and divalent salts’*.

Until the technical and economic limitations of graphene-based membranes can be
overcome, polymeric membranes will remain the dominant, state-of-the-art materials for
membrane processes. Graphene-based nanomaterials can be integrated into the design of
polymeric membranes by increasing their mechanical strength or reducing their organic and
biofouling propensity. The loose mechanical properties of membranes and their compaction
during high-pressure processes can be solved by adding a small amount of GO, even 1 wt%

directly into the polymeric solution’ .

The surface modification of membranes using graphene-based nanomaterials can also
increase membrane life span and performance by preventing organic and biological fouling. For
this purpose, GO nanosheets can be deposited directly on the native functional groups of the
membrane surface or by using an intermediate compound to provide more reactive sites (Fig. 8).
The deposition of GO nanosheets can also be achieved using the layer-by-layer technique for a
more controlled covering of the membrane surface’’. Graphene-based nanomaterials can also
mitigate biofouling because of their antibacterial properties. Graphene nanosheets can inactivate
bacteria upon direct contact by causing physical and oxidative damage to the cell membranes.
The advantage of using graphene-based nanomaterials over other biocidal nanoparticles is that
they will not be depleted from the surface by dissolution in water; also, if strong covalent bonds
are made between the graphene nanosheets and the membrane surface, they would be almost
permanently present and effective’™. However, graphene-based nanomaterials by themselves are
not enough for the complete inactivation of bacteria. The best way to modify the surface of
membranes may be through the use of a composite of graphene-based nanomaterials and biocidal

nanoparticles.
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Figure 8: Surface functionalization of membranes with graphene nanomaterials. (A) Covalent binding of
GO to the native functional groups of the membrane’®. 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC) and N-hydroxysuccinimide (NHS) are used to activate carboxyl groups and attach
ethylenediamine (ED) to the membrane by amide coupling. Then, EDC/NHS-activated GO sheets are
covalently attached to the remaining amine group of ED. (B) Polydopamine (PDA) mediated binding of
GO™. The membrane is first coated with PDA, which provides reactive sites for 1,3,5-benzenetricarbonyl
trichloride (TMC) cross-linking between PDA and GO. (C) Polymer-mediated adsorption of GO via
electrostatic interactions’ ™. Positively-charged polymers are applied on a negatively-charged
membrane. Then, GO sheets, which are negatively charged, are deposited on the positive polymer layer.
(D) Membrane coating using functionalized GO material®'. GO sheets are aminated to provide positive
charges, which can then be used to coat negatively charged membranes via electrostatic interaction.
Adapted from ref.71.
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1.5 Objective
The objectives of this study is the development of antimicrobial thin-film composite
forward osmosis membranes through surface modification by different types of biocidal
nanomaterials. Silver nanoparticles (AgNPs), graphene oxide nanosheets (GO), and differing

values of their combination were used, and the following items were investigated:

1. Physical and chemical properties of synthesized biocidal nanomaterials.

2. Surface properties of the membranes modified with synthesized nanomaterials.

3. Antimicrobial properties of pristine and modified membranes examined through static colony
forming unit (CFU) measurements after contacting membrane surfaces with some model
pathogenic and non-pathogenic, and gram positive and gram negative bacteria, all which are
commonly found in brackish and seawater.

4. Performance evaluation of pristine and modified membranes in both reverse osmosis (RO)
and forward osmosis (FO) modes of operation in cross-flow cells.

5. Nanomaterial regeneration after depletion in water through a method identical to the

modification method and investigation of its successes.

1.6 Organization of Dissertation
This dissertation comprises four sections ordered in a chronological sequence and based on my

two publications:
Section 1: A short introduction about biocidal nanomaterials and antimicrobial surfaces.

Section 2: Surface Modification of Thin-Film Composite Forward Osmosis Membrane by Silver-

Decorated Graphene-Oxide Nanosheets.

Section 3: In Situ Silver Decoration on Graphene Oxide-Treated Thin-Film Composite Forward

Osmosis Membranes: Biocidal Properties and Regeneration Possibility.

Section 4: Conclusion and recommendations for future studies.
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2 SURFACE MODIFICATION OF THIN FILM COMPOSITE FORWARD OSMOSIS
MEMBRANE BY SILVER-DECORATED GRAPHENE-OXIDE NANOSHEETS

2.1 Introduction
Forward osmosis (FO) has recently been considered to be a promising technological
approach for seawater desalination and water reuse because of the energy efficiency of the
overall process of water separation™ *2. Although the FO process is less prone to fouling than
reverse osmosis (RO), membrane fouling (notably biofouling) remains one of the important
limitations to widespread application™. Thin film composite polyamide (PA) FO membranes are
highly susceptible to biofouling because of their intrinsic physicochemical surface properties'*.

84, 85
» °°, other

Although using oxidizing agents is a common method for controlling biofouling
alternative methods must be considered because PA layers are sensitive to chemical oxidation

and degrade in the presence of common disinfectants.

Membrane surface modification is one of the well investigated methods for preventing

biofilm formation™. Different methods of surface modification have been reported® *’ including

12. 8890 " preparing antifouling surfaces by functionalization” with

91, 92 21, 93

grafting macromolecules

photocatalytic nanoparticles (NPs) such as TiO, and carbon-based nanomaterials, and

using biocidal NPs such as silver (Ag) NPs either incorporated into the support layer’ *'or
attached to the surface of the TFC membranes®®. Problems associated with using biocidal NPs
are their tendency toward agglomeration and detachment from the surface, releasing into the
water. One of the best approaches to overcoming such problems is to use carbon-based

nanocomposites (instead of using a single type of NPs)™.

Graphene oxide (GO), as a single-atomic-thick sheet consisting of hydrophilic
oxygenated functional groups in the form of carboxyl, hydroxyl, ether, and epoxy, has attracted
interest in different scientific areas>> °°. Several intrinsic characteristics of GO nanosheets, such
as their smoothness, atomic-level thickness, high water slip length, and low cost of bulk
production through the chemical oxidation of graphite, establish potential new applications in
water purification’®®®. Furthermore, specific efforts have investigated using GO to improve
membrane durability by preventing the attachment of hydrophobic foulants or by forming a
protective layer against chlorine attack’’. Because of its highly functionalized basal planes and

edges, GO presents special features when used as a support for noble metal nanoparticles such as
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gold (Au) and silver (Ag). Au and Ag are widely used as sensors or catalysts56 in electrical and
environmental applications. Ag-decorated GO nanocomposites have been established as a new
type of effective, easily synthesized, and cost effective biocidal materials in health and
environmental applications®® ** ', GO nanosheets, employed to stabilize Ag nanoparticles and
enhance the contact between Ag and bacteria, result in a synergetic effect for these new

1

: 1 102
nanocomposites'*. 1"

Although there are some studies suggesting special core-shel or
nanoscrolls structure®, based on different silver salt and chemical reductant or post-synthesizing
procedure, majority of GO/Ag nanocomposite morphologies provide a very well-distributed

silver decoration.

AgNPs are well studied for their enhancement of antifouling properties; for instance,
Rahaman ef al. used the combination of AgNPs with polymer brushes to prepare antifouling TFC
RO membranes'’. Yin et al. covalently bonded AgNPs onto the surface of TFC RO membranes
to reduce membrane biofouling®®, and Mauter et al. grafted AgNPs irreversibly onto the
ultrafiltration (UF) membrane surface with a high silver release capacity40. The two major
problems in using AgNPs for the surface modification of membranes are the high tendency of
these NPs to agglomerate, leading to insufficient contact with bacteria, and the instability of the

44, 63, 65
NPs on the membrane surface™ ™

. However, only a handful of studies investigated
incorporating GO nanosheets on the membrane surface, either by electrostatic attraction or
covalent bonds between GO and TFC RO membranes. Choi ef al. used a layer-by-layer assembly
of GO nanosheets on TFC RO membranes to protect these membranes against chemical
degradation resulting from chlorine attack. Perreault ef al. covalently bonded GO to the surface
of TFC RO membranes and reported an increase in the hydrophilicity and antibacterial properties
(~65% inactivation of bacteria) of the membranes’®. However, neither AgNP nor GO alone can
exploit their full potential in controlling membrane biofouling. Therefore, novel composite
materials of individual nanomaterials are required to fully develop their potential for biofouling

mitigation. In this manuscript, we use composite GO nanosheets and AgNPs as a new and

promising class of biocidal materials for membrane surface modification.

In this study, silver-decorated GO nanosheets are used to functionalize PA TFC
membranes. Silver-decorated GO nanocomposites were prepared through wet chemical reduction

and covalently bonded to the surface of TFC FO membranes. TFC membranes were first
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chemically treated by cysteamine through a click chemistry reaction. Unreacted acyl chloride
groups from the interfacially polymerized PA layer and amine groups of the cysteamine formed
amide bonds. The thiol groups of cysteamine then reacted with the as-prepared silver decorated
GO nanosheets. The results of this study show the synergetic effect of the combination of GO
nanosheets and AgNPs in the inactivation of bacteria without any adverse effects on membrane
transport properties. This finding highlights a novel path for establishing a new class of biocidal

materials.

2.2 Materials and Methods
2.2.1 Materials

The following chemicals were used as received: silver nitrate (99.9999% on a trace metal
basis, Sigma-Aldrich), ethanol (Sigma-Aldrich), cysteamine (95%, Sigma-Aldrich), and sodium
borohydride (99.99%, Sigma-Aldrich). De-ionized (DI)-water was prepared in a Millipore Milli-
Q purification system. The TFC FO membranes were obtained from Hydration Technology

Innovation, LLC and were soaked in a DI-water bath for 24 hours prior to modification.

2.2.2  Synthesis and Characterization of AgNPs and GO/Ag Nanocomposites

Graphene oxide (GO) nanosheets were purchased from Cheap Tubes Inc. (Grafton, VT,
USA); these nanosheets were synthesized by a modified Hummers method'®. The single layer
sheets were 0.7-1.2 nm thick and displayed a size distribution of 300-800 nm. The GO
nanosheets were decorated with silver (Ag) through an in situ reduction of silver nitrate on the
surface. The GO (50 mg) was dispersed in 100 mL of DI water through probe sonication
(Branson 3510) for 1 h at 70% of the maximum power output. In total, 100 mL of silver nitrate
solution (20 mM) was prepared and added to the GO suspension. The resulting mixture was
mixed at room temperature for 30 min, and 10 mL of a sodium borohydride solution (5 mM) was
added dropwise. Mixing continued for 5 h to complete the formation of AgNPs. Over time, the
reaction mixture changed from a dark brown to a grayish color. The resulting GO/Ag
nanocomposite mixture was centrifuged for 15 min at 12,500 rpm, rinsed with DI water three
times and dried overnight in an oven at 80°C. The formation of GO/Ag nanocomposites was
evaluated by UV-Vis absorption spectroscopy (UV-Vis LAMDAG650, Perkin Elmer), X-ray
diffraction (XRD Philips PW1710), thermal gravimetric analysis (TGA Q5000 V3.15 Build
263), and high-resolution transmission electron microscopy (HRTEM Tecnai G2 F20). Further
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characterization of the nanocomposite was accomplished using Raman and attenuated total

reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy techniques.

2.2.3  Surface Modification and Characterization of TFC FO Membranes

TFC FO membranes were purchased from Hydration Technology Innovation (HTI) and
were functionalized with GO/Ag nanocomposites using a cysteamine solution (Figure 9).
Unreacted acyl halide groups on the surface of TFC polyamide membranes reacted with the
amine functional group of cysteamine through a click chemistry reaction and formed strong
amide bonds, providing the membrane surface with thiol functionality for subsequent covalent
bonding of GO/Ag nanocomposites onto the membrane surface. TFC membranes were cut and
placed on a glass plate and covered with a frame; only the active side was exposed to the
cysteamine solution. Frames were clamped with clips to prevent any leakage. The entire
assembly was then placed on an orbital shaker, rotating at 70 rpm at room temperature.
Membranes were immersed in a cysteamine ethanol solution (20 mM) for 30 min and were then
removed, rinsed with DI water three times, and immersed in the as-prepared GO/Ag
nanocomposite suspension for 12 h. The resulting functionalized membranes were then washed

with DI water three times and were refrigerated (4°C) until use.

The intrinsic membrane transport properties (e.g., water permeability and salt
permeability) were evaluated in RO cross-flow cell based on standard methodology for
evaluating membrane performance in osmotically driven membrane processes'®. The
permeation cell was designed to provide an effective surface area of 42.75 cm®. The membrane
was compacted overnight with DI water at 70 psi until a steady water permeate flux was reached.
In the RO mode in the experiment, the water flux (J) and water permeability (A) of the

membranes were evaluated using the following equations:

AV

J= (2-1
_ ]
a=L @

where A, is the effective membrane surface area, AV is the collected permeate volume

during At and AP is the applied pressure difference.
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The salt rejection was determined by measuring the rejection of a 50 mM NacCl solution using a
calibrated conductivity meter (Oakton Instruments, Vernon Hills, IL, USA). The salt rejection of

the membranes was calculated using the following equation:

R = (1 _ C—") X 100% (2-3)
Cr

where C, and C; are the salt concentrations in the permeate and feed solutions. The salt
concentrations were determined by measuring the conductivity of the solution using a calibrated

conductivity meter. The salt permeability coefficient (B) was calculated as follows:

1-R B
"R A(AP-AT) (2-4)

where A is the water permeability, AP is the transmembrane pressure, An is the osmotic pressure

of the feed solution and R is the salt rejection.

The membrane performance in the FO mode was also evaluated using a lab scale cross-flow cell
with the same dimensions as the RO cell. Both the feed (DI water) and draw solution (1 M NaCl)
were circulated at the same flow rate (0.2 L/min) and applied pressure. The temperature of the
feed and draw solution was maintained constant at 25°C. To precisely measure the water flux, a
digital analytical balance was employed to measure the weight change of the draw solution. The
salt reverse flux of the membranes was calculated by measuring the conductivity of the draw
solution before and after the FO process using a calibrated conductivity meter (Oakton

Instruments, Vernon Hills, IL). The FO water flux (Jv) and reverse salt flux (Js) were calculated

as follows:
AV Am/
o= w2
A(CyV,
Js = S0 (2-6)

AmAt

Where Am is the weight change of the draw solution, Am is the effective surface area, and C; and

V. are the salt concentration and volume of the feed solution after the process, respectively.

The elemental composition of the virgin and functionalized membranes was determined

by X-ray photoelectron spectroscopy (XPS, SK-Alpha). Samples were irradiated with a beam of
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monochromatic Al K, X-rays with an energy of 1.350 keV. Changes in the functional groups of
the samples during the chemical reaction were studied using attenuated total reflectance-infrared
spectroscopy (Nicolet 6700 / Smart iTR), which was conducted using a germanium crystal on
desiccator-dried samples. The surface morphology of the membrane was observed by field-
emission scanning electron microscopy (FE-SEM; JEOL, JSM-7600 TFE) to verify the presence
of GO/Ag nanocomposite. Prior to imaging, the surface of the membranes was coated with a thin
layer (15 nm) of carbon; the carbon was sputtered onto the layers by carbon evaporation
(EDWARDS AUTO306). Roughness parameters of the membranes were determined using

atomic force microscopy (AFM, Dimension 3100) in the tapping mode.

The surface hydrophilicity and surface energy of the membranes were evaluated through
contact angle measurements of DI water using the sessile drop method (VCA, video contact
angle system, AST Products, Inc., Billerica, MA, USA). The right and left angles of the water
drop were measured using the system software (VCA optima XE). At least three desiccator-dried
samples and approximately five points for each sample were selected for contact angle
measurements. The data were averaged between the samples. The relative wettability of the

membranes was evaluated by calculating the membrane-liquid interfacial free energy'* '° as

—AG m=7vL (1+ (cos 0)/1) (2-7)

where 0 is the average contact angle, vy is the pure water surface tension (72.8 mJ/m” at 25° C)
and r is the roughness area ratio (ratio of the actual surface to the planar surface area for rough
materials, r = 1+ SAD; SAD is the surface area difference parameter obtained from AFM

measurements).

The streaming potential of the virgin and functionalized membranes, as an indicator of
membrane surface charge, was measured using an electrokinetic analyzer (EKA Anton Paar) at
various pH values with a 1 mM KCI electrolyte solution. The procedure and calculations

followed the method described by Walker ez al. '*’.
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Figure 9 covalently bonded AgNP-decorated GO nanosheets through click chemistry on TFC FO membranes: (A)
in situ AgNPs synthesized onto the GO nanosheets, (B) amide forming reaction and thiol functionalization of the
TFC FO membrane, and (C) covalent binding of the GO/Ag nanocomposite to the TFC FO membrane surface.

2.2.4  Antimicrobial Activity of GO/Ag Functionalized Membranes

Bacterial inactivation was evaluated by determining and comparing the number of viable
bacteria present on surfaces of virgin and functionalized membranes through a simple plate
counting method. Briefly, Escherichia coli (PGEN-GFP (LVA) ampR) was grown overnight at
37° C in Luria-Bertani (LB) broth medium. The bacterial solution was diluted and cultured for 2
h to reach the log phase and was verified by an optical density measurement at 600 nm. The
resulting bacterial solution was centrifuged and washed three times with 0.9% saline solution
before being diluted to 10’ CFU mL™" in 0.9% saline solution. For the exposure phase, 1.5 cm™
membranes were punched and placed in a plastic holder with the active layer facing the bacterial
solution. The holders were maintained at room temperature for 1 h. After 1 h of incubation, the

excess solution was discarded, and the membranes were washed with a sterile saline solution. To
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remove attached bacteria from the membrane surface, the membrane coupons were bath-
sonicated for 7 min in a 10 mL isotonic solution. Finally, 100 uL serial dilutions (representing
over 6 orders of magnitude) of the bacterial solution were spread on LB agar plates with

ampicillin and incubated overnight at 37°C. The number of colonies was then counted.

2.2.5 Silver Release Experiments

The reservoir method was used to measure the silver ion loading and releasing from
GO/Ag functionalized membranes®. For ion releasing measurements, both the functionalized
and virgin membrane samples were cut into 1 inch coupons and incubated in 20 mL of DI water
for 24 h; the samples were then acidified with 1% HNOs. The silver loading was conducted with
a similar procedure, but the solution was acidified prior to incubation. Silver ion concentrations
in the samples were then measured by inductively coupled plasma mass spectroscopy (ICP-MS
Perkin Elmer NexION 300X). The ion release experiments for both the control and

functionalized membrane were conducted for 6 days.
2.3 Results and Discussion

2.3.1 Successful Graphene Oxide/ Silver Nanocomposite Synthesis Confirmed by UV-Vis,

TEM, TGA and XRD Analyses

The GO/Ag nanocomposite was synthesized through the in situ reduction of silver nitrate
onto GO nanosheets and was characterized by UV-Vis, XRD, TGA and TEM (Figure 1). The
UV-Vis spectra of GO, Ag nanoparticles, and GO/Ag suspension indicates the formation of a
nanocomposite (Figure 10 A). GO exhibits two different characteristic bands at 230 nm,
corresponding to the electronic 7-n" transition of the C=C aromatic bond and a shadow shoulder
at 305 nm assigned to the n-n of C=0 bonds. Additionally, AgNPs exhibit a band at 400 nm in
the absorption spectrum, which is attributed to a surface plasmon. The UV-Vis spectrum of
GO/Ag shows both characteristic GO and Ag bands and verifies the formation of GO/Ag
nanocomposites. The presence of AgNPs in the GO/Ag nanocomposite was also confirmed
through XRD measurements. GO/Ag XRD patterns (Figure 10 B) represent the prominent Bragg
peaks at 20 values of 38.1°, 44.3°, 64.5°, and 77.5°, assigned to the (1 1 1), (2 00), (22 0) and (3
1 1) crystallographic planes of face-centered cubic (fcc) AgNPs, respectively. The peak at 26 =
10.1° of GO nanosheets (attributed to the stacking of the GO layer) was completely removed
because the anchoring of AgNPs on the surface of the GO sheets prevented the restacking of the
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layered structure of GO'®. The formation of GO/Ag nanocomposite was also reflected in the
TGA (Figure 10 C). Graphene oxide exhibits a two-step decomposition. The first drop appears at
220°C and is attributed to the decomposition of labile oxygen containing functional groups, and
the second drop occurs at 550°C and is attributed to the pyrolysis of the carbon skeleton of GO.
However, AgNPs do not show a decomposition step in the TGA. For the GO/Ag nanocomposite,
the combination of the two different behaviors is observed, and the mass ratio of GO and Ag can

be estimated in the final composite.

The morphological features of the GO/Ag nanocomposite were investigated by HRTEM.
TEM images revealed a well-dispersed layer of spherical AgNPs decorating the surface of the
GO nanosheets (Figure 10 D). The results indicate that GO plays a decisive role in the nucleation
and growth of Ag nanoparticles, and the presence of GO and its functional groups act as a
morphological driver/controller for silver NPs, preparing for the formation of the spherical NPs.
The oxygen containing functionalities on the GO surface provides reactive sites for the
nucleation and growth of AgNPs. However, the AgNPs synthesized without GO and without
using any capping agent displayed an aggregated morphology (additional TEM images of GO,
Ag NPs and GO/Ag nanocomposites are provided in the Supporting Information in Figure 16).

2.3.2 Graphene Oxide/ Silver Nanocomposites were Covalently Bonded to the Surface of the

TFC Polyamide Membrane

The enhanced stability of the functionalized GO/Ag nanocomposite on the membrane
surface was obtained using a cysteamine linker with amine and thiol functional groups at each
end. The amine group reacts with the un-reacted acyl chloride functional groups on the surface of
the TFC membrane from interfacial polymerization. The presence of acyl chloride groups was
verified by an elemental analysis using an XPS method on the surface of a pristine membrane.
CI2p has a peak of approximately 198 eV (Figure 19, supporting information), and the area
below that peak is estimated to be approximately 1% Cl element by weight. XPS results for the
cysteamine treated membrane also indicated that all acyl chlorides were consumed during the
reaction, the Cl content of the surface became zero, and the new surface showed the presence of
sulfur, which displays a peak at 162 eV (Figure 19, supporting information). The thiol groups on
the membrane surface would react with and anchor AgNPs '®®. AFM images (Figures 11 C and

D) reveal that after GO/Ag nanocomposites bonded onto the TFC membrane surface, both the
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surface roughness and surface morphology of the membrane significantly changed. The graphene
oxide nanosheets flattened the surface of the membrane; therefore, the overall roughness
decreased (Supporting information, Table 1). The SEM images further confirm the change in the
morphology of the GO/Ag functionalized membrane surface when compared to pristine
membranes (Figures 11 A and B). As shown in Figure 11 B, the spherical AgNPs are distributed
predominantly on the surface of the GO nanosheets and less on the edge or within the valley-like
region of the TFC membrane surface. Higher contrast images of AgNPs and membrane surfaces
were obtained using backscattered electron microscopy (BCE); the images are provided in the
supporting information (Figure 15). The BCE images verified the presence and uniform
distribution of AgNPs on the surface of GO and TFC membranes. The size and shape of the
AgNPs observed also agreed with the TEM observations (Figure 10).
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Figure 10 Characterization of the GO/Ag nanocomposite. (A) UV-Vis spectra, (B) XRD patterns, (C)
thermogravimetric curves for Ag NPs, GO nanosheets, and GO/Ag nanocomposites, and (D) HR-TEM
images of the GO/Ag nanocomposite.

Figure 11 FESEM images of (A) the polyamide active layer of the TFC membrane and (B) the GO/Ag

functionalized polyamide active layer of the TFC membrane. AFM images of (C) the TFC membrane

and (D) the GO/Ag functionalized TFC membrane.

The progress of the reaction was also studied using the ATR-FTIR method. The ATR-

FTIR spectra in Figure 13C (details in the supporting information Figure 17) show that after
treating the TFC membranes with cysteamine, the intensity of the peak at 850 cm™ (C-Cl bond in
the stretching mode) decreased, indicating the consumption of the acyl chloride group, and a new
peak at 1020 cm™ appeared, which can be attributed to the formation of a new aliphatic amine C-
N bond in the stretching mode. Additionally, the TFC membranes have two small peaks located
at 1147 cm” and 1585 cm™ that are assigned to the C-O-C stretching and the phenyl ring
vibration of the polysulfone support layer, respectively. These results verify the binding of the

30



GO/Ag nanocomposite onto the surface of the TFC membranes. A Raman spectroscopy analysis
was conducted to characterize disordered carbonaceous materials such as GO nanosheets. In
comparison with the virgin TFC FO membrane, which displays no characteristic peak in the
Raman spectra, the GO/Ag is represented by two strong characteristic peaks at 1320 cm™ (D
band) and 1570 cm™ (G band) with 532 nm laser excitation. The Raman spectroscopy results

indicate the presence of the GO/Ag nanocomposites on the surface of the TFC FO membranes.

The physical stability of the GO/Ag nanocomposite bonded to the TFC membranes was
evaluated through an XPS analysis. To investigate the role of GO in stabilizing the silver NPs on
the membrane surface, the membranes functionalized with AgNPs (synthesis procedure is
provided in supporting information) and GO/Ag nanocomposites were sonicated for 7 min, and
the silver content of each membrane (after sonication) was estimated in an XPS analysis.
Metallic Ag 3d peaks are centered at 373.9 and 367.9 eV, consistent with the reported values'®.
Although more Ag was loaded on the membranes decorated with Ag NPs than on GO/Ag
functionalized membranes, the Ag loss by physical stress was enhanced by using GO as a
support for Ag NPs. In total, 50 percent of the Ag NPs were lost during sonication, whereas only

6 percent were lost from GO/Ag functionalized membranes (Figure 20, supporting information).

2.3.3 Membrane Transport Properties were not Significantly Affected by GO/Ag

Functionalization

The FO process is operated without applying any high transmembrane pressure.
Therefore, any surface modification may influence the membrane permselectivity properties,
unlike other pressure-driven membrane processes. The ilntrinsic transport properties of the
membrane, i.e., pure water permeability (A) and salt permeability (B), were evaluated in a RO
mode experiment. The water flux and reverse salt flux of a 1 M NacCl solution in the FO mode
were also evaluated to determine the effect of GO/Ag nanocomposite functionalization on the
performance of the TFC FO membrane. Both the pure water permeability (A) and salt
permeability coefficient (B) of the functionalized TFC membrane did not significantly change
from those of the control TFC membranes. The pure water permeability decreased by
approximately 6%, and the salt permeability coefficient increased by 13% (Figure 13 A).
Because the cysteamine treatment has no adverse effect on the membrane performance®, the

change in pure water permeability and salt permeability coefficient can be attributed to the
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formation of a barrier layer of GO/Ag, which can hinder water flux. The water flux of TFC
membranes in the FO mode slightly decreased after modification (2% decrease), and the value of
the reverse salt flux increased by approximately 20% (Figure 4B). These changes may be
attributed to the formation of an additional layer on the surface of the membrane, which may act

as a barrier and decrease the water flux. Moreover, the

GO nanosheets possess frictionless surfaces which can affect the formation of an internal
boundary layer, changing shear stresses and thus affecting membrane transport properties (since
there is no external pressure applied in FO process). Also the presence of silver nanoparticles on
the membrane surface, which can release positively charged Ag ions, can change the charge
distribution and charge interactions between feed solution and membrane surfaces interface.

These two factors can affect the membrane transport properties in FO mode.

According to the contact angle measurements, Figures 13 C and 13 D show the water
contact angle of the membrane decreasing from 55° for the virgin TFC FO membrane to 24° for
the functionalized membrane, indicating that the GO/Ag functionalization provides a highly
hydrophilic surface. This change in hydrophilicity of the membrane with GO/Ag
functionalization is attributed to the presence of hydrophilic oxygen-containing functional groups
on the GO nanosheets. Additionally, the hydrophilicity is a critical factor for controlling the
fouling of the FO membranes. The surface zeta potential, the type of charge, and the density of
the exposed charge are the other crucial parameters that determine the fouling properties of the
membrane. The observed zeta potential (Figure 18 in the supporting information) for a pristine
TFC PA membrane agreed with the protonation behavior of polyamide functional groups. At a
low pH, the unreacted amine groups remaining after the interfacial polymerization (characterized
by a broad peak at 3500 cm™ in the ATR-FTIR spectra in Figure 12 C) were protonated, whereas
the carboxylic groups remained unchanged. As the pH increased to a value above the pK, of the
carboxylic group, these groups were deprotonated, and the surface charge of the membrane

. . 110
became negative and remained constant

. By functionalizing the surface with GO/Ag
nanocomposites, the protonation of the unreacted amine groups occurred in a similar manner
when the pristine TFC membrane was immersed in a low pH solution. At higher pH values,

however, numerous carboxylic groups were present on the surface of the GO nanosheets, and
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thus, deprotonation occurred to a higher extent than for pristine membranes. As a result,

functionalized membranes impart more negative charges.
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Figure 12 Surface characterization of virgin and functionalized TFC FO membranes: (A) XPS analysis of
the TFC (black), GO/Ag nanocomposite functionalized membranes before (red) and after (blue)
sonication, (B) XPS analysis at a higher magnification, (C) ATR-FTIR spectra of the virgin and
functionalized TFC membranes, and (D) Raman spectra of the control and functionalized TFC

membranes.

2.3.4 The Functionalized Membrane Exhibited Strong Antimicrobial Activity

111

As reported elsewhere, microbial inactivation occurs through a three-step mechanism.

The primary step is cell deposition onto the carbon-based nanomaterials. Similar to single-wall
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carbon nanotubes, graphene oxide inactivates bacteria by direct cell contact and membrane
damage''? and through charge transfer and formation of reactive oxygen species '. Silver
nanoparticles also exhibit significant antimicrobial properties through different proposed
mechanisms such as the following: i) releasing Ag" ions, which strongly bind to thiol groups in
enzymes and proteins on the cellular surface and cause destabilization of the membrane and
cellular walls; i) attaching to the surface of the bacteria and producing holes in the membrane
and cellular wall, allowing the AgNPs to penetrate into the bacteria; or iii) producing reactive
oxygen species under oxidizing conditions that are capable of irreversibly damaging cellular
DNA replication'”. In the case of the GO/Ag nanocomposite, a synergetic phenomenon in
bacterial inactivation is observed, which is called the capture-killing mechanism'''. Graphene
oxide plays an important role as a support for the AgNPs and prevents the AgNPs from
agglomerating. The GO also dictates a spherical morphology to the AgNPs and thus provides a
larger active surface area, a shape that results in higher antimicrobial activity. In addition, the
graphene oxide displays the ability to capture bacteria on its surface''" ''*, which, for the GO/Ag
nanocomposite, results in a higher chance of bacterial inactivation by AgNPs. Additionally,

graphene oxide can rupture the membrane wall because of its sharp edges''>'"”.

Using E. coli (GFP level 1) as a model organism, the antimicrobial activity of control and
functionalized TFC membranes was investigated in static bacterial inactivation tests. The results
show that even over a short period of contact (i.e., 1 h), the GO/Ag nanocomposite
functionalized membranes significantly reduced the number of viable E. coli cells by 96%,
which is higher than that of either independent graphene oxide or AgNP functionalized
membranes (Figure 14). To better understand the synergetic effects of the GO nanosheets and
AgNPs in GO/Ag nanocomposites, TFC functionalized membranes with AgNPs and GO were
prepared and examined in an antibacterial analysis. The results show significant differences in
bacterial inactivation of the three modified membranes. Silver NP modified membranes
displayed a 60% inactivation, whereas GO nanosheet functionalized membranes displayed an
approximately 40% bacterial inactivation. Silver decorated graphene oxide showed a remarkably
high inactivation (approximately 96%). These results can be attributed to a synergetic effect of
the combination of silver NPs and graphene oxide, which have different approaches to bacterial
inactivation. GO/Ag nanocomposites can inactivate bacteria not only through silver ions being

released and penetrating into the cells'”” but also through the sharp edges of GO nanosheets
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1", The biocidal effect of cysteamine was also studied as a control

rupturing the membrane wal
sample. In comparison with the TFC membrane, a negligible biocidal effect was observed

resulting from the cysteamine.
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Figure 13 Membrane properties before and after modification. (A) The water permeability and salt
permeability of the TFC and GO/Ag functionalized TFC membranes (in the RO mode). (B) The water
flux and salt reverse flux (in the FO mode) of the TFC and GO/Ag functionalized TFC membranes. (C)
The water contact angle of the TFC and GO/Ag functionalized TFC membranes. (D) Water droplets on
the TFC and GO/Ag functionalized TFC membrane surfaces.
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2.3.5 Silver Ion Release Behavior was Different for Composite and only AgNP Modified

Membranes

The silver ion loading and release behavior were analyzed by ICP-MS. To investigate the
effect of the GO support on the release of AgNPs, AgNP decorated TFC membranes were
compared with a GO/Ag functionalized membrane. The reactant concentration of AgNPs during
synthesis was constant to allow for rational comparisons. The results show that the silver content
for the AgNP decorated membranes (13.38 pg/L) was approximately three times greater than
that for the GO/Ag decorated membrane (5 pg/L), agreeing with the XPS elemental composition.
However, the release behavior of these two functionalized membranes was different. Whereas
silver ions are released moderately over time for the AgNP decorated membrane, the release of
silver ions from the GO/Ag decorated membrane occurred immediately in the first day and
remained constant with time (Figure 14 B). However, the bacterial inactivation results indicate
that the GO/Ag decorated membranes were more effective compared with GO and AgNP
functionalized membranes. These results indicate that the Ag decorated membranes can
inactivate bacteria by releasing ions; however, the GO/Ag functionalized membranes can release
ions and rupture cells because of the sharp edges of the GO nanosheets, enhancing the bacterial
inactivation. The synergetic performances for the GO/Ag functionalized membrane can be
attributed to the combined mechanisms of bacterial inactivation that have been engendered by
the GO nanosheets and silver NPs. Although the results of this paper are comparable to other

L e 19, 40
publications

with regards to the silver loading and releasing rate, the earlier defined
regeneration process should be incorporated for practical long-term real-world applications.
Because the membrane is functionalized with GO, the regeneration process can be accomplished
easily through the in situ synthesis of AgNPs (information regarding the membrane preparation

is provided in the supporting information).

2.4 Conclusions
GO/Ag nanocomposite functionalization of TFC FO membranes provides an effective
antimicrobial surface that has better characteristics than either GO or AgNPs independently. This
enhanced effectiveness likely results from the synergistic effect of the capture-killing mechanism
displayed by this system. In addition, the higher hydrophilicity of the resulting membranes, the
low material cost, and the ease of preparation (dip coating method) result in a more efficient and

effective approach than other modification methods. Finally, using graphene oxide as a support
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for biocidal metal nanoparticles provides an opportunity for the regeneration of biocidals after
release. However, additional studies must be conducted to examine the in-situ regeneration of the

GO/Ag nanocomposite to fully exploit this potential.

120 25 . . i i
A —=— TFC-S-GO/A
~ 100¢ I ) ] | ®) —— TFC-S-Ag NPgS
—~ 20 i

o = ——TFC
§ 80:/ | g 15t
5 99 g 1.0}
- o
X 40t )
5’ + 0.5}

20F > ]
LCIS < 0.0F » + = T 4 4

1 2 3 4 5 6
Control  TFC-S-GO/Ag time (day)
120
(©)
—~ 100}—=2
=l
£ 80t
3 |
« 60t
o
§ 40+ /
2 20} ;
(@)
0 |7 2

Control TFC-GO TFC-S-AgTFC-S-GO/Ag

Figure 14 Colony-forming units (CFU) after E. coli cells had been in contact with the control and GO/Ag
functionalized membranes for 1 h at room temperature: (A) CFU for the virgin and GO/Ag functionalized
membranes, (B) the silver ion release rate from the GO/Ag functionalized membranes, (C) CFU for the
virgin, GO, AgNPs, and GO/Ag functionalized TFC membranes, and (D) an SEM image of the
inactivated bacteria on the GO/Ag functionalized TFC membrane.
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2.5 Supporting Information

2.5.1 Materials and Methods

Two series of functionalized membranes were prepared to investigate the synergetic
effects of combining GO nanosheets with Ag NPs. Ag NPs were synthesized by chemically
reducing silver nitrate with sodium borohydride. In this study, 10 mL of 5 mM sodium
borohydride was added dropwise to 100 mL of 5 mM silver nitrate solution. During this process,
the reaction medium was placed in an ice bath and stirred vigorously. The combined effect of
low medium temperature and dropwise addition helped the formation of fine nanoparticles. The
Ag NPs suspension was kept in a dialysis bag for two days. Next, the suspension was centrifuged
for 30 min, washed three times, dried overnight in an oven, and then re-suspended in DI water.
Similar to the conditions explained in the manuscript, the TFC membranes were also treated with
cysteamine. This step was followed by dip-coating them in the Ag NPs suspension for 12 hr in a
shaker at a speed of 100 rpm. The membranes were then washed three times by DI water. The
GO functionalized TFC membranes were prepared by the dip-coating method, where 50 mg of
GO nanosheets were added to 100 mL of DI water, followed by sonication for 30 min at 70%

maximum power output.

To ensure durable covalent bonding of GO onto the TFC membrane, a previously
published protocol was adapted from Perreault et al.”. Briefly, carboxylic groups of the
polyamide were first converted to amine-reactive esters by direct contact of the membrane
surface with 1-ethyl-3-[3-(dimethylamino) propyl]carbodiimide hydrochloride (EDC) and N-
hydroxysuccinimide (NHS). An amide formation reaction with a reactive ester was used to bond
ethylenediamine to the active membrane layer surface. The GO nanosheets were functionalized
with EDC-NHS to free the amine groups of ED from the membrane surface. The steps are as
follows: First, 4 mM EDC, 10 mM NHS and 0.5 M NaCl were dissolved in 10 mM MES buffer.
The solution was adjusted to pH 5 with HCl and NaOH. The solution was then put in contact
with the membrane surface for 1 h. Next, the membranes were washed and rinsed with DI water
three times and then submerged in a solution of 10 mM ED, 0.15 mM NaCl in 10 mM HEPES
buffer at pH 7.5. Finally, the membrane surface was washed with DI water to remove any

unlinked ED.
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Next, 100 mg of the GO nanosheets were exfoliated by dispersing them in 100 mL of 10
mM MES buffer at pH 6 and probe sonicating them for 15 min. This process also helped to
prepare a stable suspension. Just before contacting the GO suspension (pH 7.5) with the ED
functionalized TFC FO membranes, 2 mM EDC and 5 mM NHS were added to the suspension.
The GO functionalized membranes were washed, rinsed three times, and stored in DI water at

4°C until use.

2.5.2 Nanoparticles and Nanocomposites Characterization

Figure 15 FE-SEM images and backscatter electron imaging for (A) GO functionalized TFC, and (B)
GO/Ag nanocomposite functionalized TFC. Elements with higher atomic numbers backscatter electrons
more strongly than elements with lower atomic numbers and, therefore, appear brighter on the image.
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Figure 16 TEM images of (A) GO, (B) Ag NPs, (C) GO/Ag nanocomposite
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Figure 17 ATR-FTIR spectra of (A) GO nanosheets and GO/Ag nanocomposite, and (B) ControlTFC and
GO/Ag nanocomposite functionalized TFC membranes.
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Figure 18 Zeta potential of the surface of the pristine and functionalized membranes as a function of
solution pH. Measurements were taken at room temperature (23°C) in a solution of 1 mM KCI, by
adjusting the pH with dropwise addition of HCI and NaOH.

Table 1 Surface roughness properties of the pristine and the GO/Ag functionalized TFC FO membranes
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Sample Rimax (nm) R, (nm) Ry (nm) SAD (%)
TFC FO 486 £ 22 522+0.5 65.5+1.5 67.4+2.1
TFC-GO/Ag 310+ 33 252+2.8 352+4.24 132+1.2
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Figure 19 XPS results for (A) pristine membrane, and (B) cysteamine treated TFC FO membranes. The
peaks at 198 eV for CI2P and at 162 for Sulfor S2P are shown in (A) and (B), respectively.

44



Table 2 Elemental composition by XPS analysis of the membrane surface of pristine and functionalized
membranes, before and after sonication.

Sample C (%) O (%) N (%) S (%) Ag (%) Cl S (%)
(%)
Before After Before After Before After Before After Before After
TFC 71.95+0.44 - 21.19£1.59 - 6.86+1.34 - - - - - 1.5+ 0
0.1
TFC- 71.8£1.07 | 69.842.25 | 18.56+0.81 | 20.28+.8 | 8.06+£0.29 | 8.98+0.87 | 1.07+£0.07 | 0.74+0.3 | 0.5£0.1 | 0.47+0.19 0 1.12
GO/Ag +.03
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Figure 20 XPS results showing physical stability of silver NPs for Ag NPs decorated and GO/Ag
functionalized membranes. 7 min bath sonication was applied to the membranes and silver % present on
the surface was measured.
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3 IN SITU SILVER DECORATION ON GRAPHENE OXIDE-TREATED THIN FILM
COMPOSITE FORWARD OSMOSIS MEMBRANES: BIOCIDAL PROPERTIES
AND REGENERATION POTENTIAL

3.1 Introduction
With increasing application of membrane-based water treatment and desalination
processes, * % ''® attention to fouling and biofouling as major limitations is increasing
accordingly. Surface modification is receiving great recognition, among the different methods of
fouling and biofouling mitigation, as an effective and flexible approach by providing variable
modifiers and procedures.'® **” Instead of using modified® and biocidal nanoparticles,*" " ''"
"% membrane hydrophilicity can be increased by introducing polymer brushes'® or hydrophilic

polymers'* '"? for fouling and biofouling control.

Silver nanoparticles (Ag NPs) are one of the most effective biocidal NPs and have been

. . . . . . . 25.28.120. 121 1 - - . 2
widely investigated in terms of their formation mechanisms, 2> ** 2% 12! bjocidal properties, ****

113 40, 44, 46-49

and their applicability in either membrane surface modification or membrane bulk
incorporation.*” *"*** Although Ag NPs provide significant and effective biocidal properties, their
intrinsic tendency to aggregate, and their fast release in aquatic media have raised concerns as to
their long-term efficacy and the possibility of regeneration.'*> The combination of Ag NPs and
carbon-based nanomaterials introduces a new class of emerging nanomaterials which offer

physical durability and more effective biocidal properties.5 6,123

Among a variety of carbon-based materials, graphene oxide (GO) nanosheets have
attracted great attention because of their special physical and chemical properties.” Oxygen-
containing functional groups of GO'* can serve as anchors for the Ag NP nuclei and govern
their shape, size, and distribution. GO nanosheets also show extensive biocidal properties and

125-127

toxicity toward microorganisms thus increasing the efficacy of the biocidal properties of
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GO-Ag nanohybrids.”" GO-Ag nanocomposites, among other types of nanohybrids, have

attracted attention for antimicrobial applications,®® ' %

129

and more recently, for the
functionalization of nanofiber mats =~ and thin film composite (TFC) forward osmosis (FO)
membranes.”*® Although GO-Ag nanocomposites present strong biocidal properties, their
application still suffers from drawbacks such as the difficulty of synthesis, limited Ag loading,

and lack of regeneration potential.

In continuation of last chapter on the use of GO-Ag nanocomposites for surface
modification of FO membranes,”” this study focuses on using GO nanosheets as a sublayer
modifier for in situ Ag NP formation on TFC FO membranes to overcome the aforementioned
limitations. The effects of the presence of GO on the loading and release of silver, membrane
surface hydrophilicity, biocidal properties, and membrane performance were investigated.
Finally, the possibility of Ag NP regeneration after depletion in water for seven days was

studied.

3.2 EXPERIMENTAL
3.2.1 Materials

The following chemicals were used as received from Sigma-Aldrich: Silver nitrate
(99.9999% trace metal basis), N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride
(EDC), N-Hydroxysuccinimide (NHS), Ethylenediamine (ED), MES and HEPES buffer, and
sodium borohydride (99.99%). The sample of graphene oxide was purchased from Cheap Tubes
Company (Brattleboro, USA). Deionized (DI) water was prepared in a Millipore Milli-Q
purification system. The TFC FO membranes were obtained from HTI and were soaked in DI

water for 24 hr before modification.

3.2.2  Surface modification with GO nanosheets

GO nanosheets (Img/ml) were dispersed in a 10 mM MES buffer solution by probe
sonication (Branson 3510) for 15 min to exfoliate the nanosheets and prepare a stable
suspension. 2 mM of EDC and 5 mM NHS were added to the GO suspension (pH 7.5) just
before a four-hour contacting with the pre-treated - EDC/NHS solution, followed by an ED
solution - membrane surface. Treating membranes surface through dip-coating method by the
combination of EDC/NHS and ED treatment will give membrane surface amine functionality

ready to react with modified GO nanosheets. The treated membranes were then rinsed with DI
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water three times to remove loosely attached and excess GO from the surface. The detailed

procedure of membrane functionalization is presented as supporting information

3.2.3 Insitu Ag NP formation on GO modified membranes

Ag NPs were formed in situ on the surface of GO-modified membranes through wet
chemical reduction of AgNO3; by NaBH,4. The active surface of each membrane was covered
with a silver nitrate solution (SmM) for 10 min followed by rinsing with DI water. The treated
surface was then covered with a sodium borohydride solution (5SmM) for 5 min, followed by
rinsing with DI water. All steps were assisted by shaking at a speed of 50 rpm. Finally, the silver
decorated membranes were rinsed with DI water three times to detach loose silver NPs from the

surface (Figure 21).

4 Graphene Oxide (GQO)
> Silver Nanoparticles (AgNPs)
=\
(AR o), g

Figure 21 In situ Ag NP formation on the surface of GO-modified membranes: Modified membrane (A)
is covered by AgNO3 (B) followed by discarding solution and rinsing with DI water (C) and covered by
NaBH4 (D) to form silver decorated membranes (E)

3.2.4 Membrane characterization

The distribution of the Ag NPs and the morphology of the pristine and functionalized
membranes were observed by field-emission scanning electron microscopy (FE-SEM JEOL,
JSM-7600 TFE). The roughness parameters of the membranes were determined using atomic

force microscopy (AFM, Dimension 3100) in tapping mode. The elemental composition of the

49



virgin and functionalized membranes were determined by X-ray photoelectron spectroscopy
(XPS, SK-Alpha). Samples were irradiated with a beam of monochromatic Al Ka X-rays with
1.350 keV of energy. Raman spectroscopy of pristine and modified membranes was conducted
(Invia Reflex-Renishaw) in 532 nm laser excitation to confirm the presence of GO nanosheets on
the membrane surface. Surface hydrophilicity and surface energy were evaluated by contact
angle measurements of DI-water, diiodomethane, and glycerol using the sessile drop method.
104

Membrane performance tests were conducted by using a cross-flow in RO and FO mode.

Details of the performance tests are depicted in the supporting information.

3.2.5 Anti-microbial properties of modified membranes

The biocidal properties of the pristine and modified membranes were examined using the
colony forming unit (CFU) counting method. Briefly, the membranes were submerged in a
bacterial suspension from 0.5 to 6 h. Three strains of bacteria; namely, E. coli D21 (Gram
negative and non-pathogenic), E. coli O157:H7 (Gram negative pathogen) and E. faecalis (Gram
positive pathogen) were used.The membranes were removed from the suspension and sonicated
in bacteria-free electrolyte (0.9% NaCl) for 7min. After serial dilutions, the detached bacteria
were then cultured on agar plates and the number of CFU were counted after overnight

incubation at 37 C.

3.2.6 Loading, stability and release of Ag NPs

The reservoir method was used to measure the silver ion loading, stability under physical
stress (7 minutes bath sonication), and ions released from functionalized membranes.
Functionalized and virgin membrane samples were cut into 1-inch coupons and were incubated
in 40 mL of DI water for 24 h, followed by acidification with 1% HNOs;. Silver ion
concentrations in the samples were then measured by inductively coupled plasma mass

spectroscopy (ICP-MS Perkin Elmer NexION 300X).

3.2.7 Regeneration of Ag NPs on the membrane surfaces
To study the regeneration of Ag NPs, silver decorated GO-functionalized membranes
were immersed in DI water for seven days. Fresh DI water was replaced every 24 hours and the

ion-release process was assisted by a shaker set to 50 rpm. Ag NPs were regenerated on the
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surface of the membranes in the same manner as described in section 2.3. The success of the
regeneration process was then confirmed by antimicrobial examination, contact angle

measurements, loading measurements, and XPS analysis.

3.3 Results and Discussion

3.3.1 Ag NPs were formed successfully and their loading increased in the presence of GO

nanosheets

The surface morphology of pristine and modified membranes was observed by SEM.
Backscattered electron (BSE) SEM images in Figure 22 indicate the presence of bright spots
with strong Ag signals on the surface of the modified membranes, elucidated through EDX
analysis (results not shown). Furthermore, the Ag NP size and distribution are different for
samples with and without GO nanosheets. In the presence of GO nanosheets, well-distributed
and finer Ag NPs were formed in comparison with Ag NPs formed directly on the surface of
pristine membranes. GO nanosheets, with their abundance of oxygen-containing functional
groups, play a decisive role in governing the size and distribution of the in situ-formed Ag NPs
by providing more active sites for the nucleation of Ag NPs. By increasing the number of nuclei,
their room for growth would be limited, thus resulting in smaller-sized Ag NPs. The surface
topography and roughness parameters of pristine and modified membranes were studied through
AFM analysis as depicted in Figure 22 and the supporting information (table 3), respectively.
Although in situ silver formation on the surface of the TFC membranes slightly decreases
roughness, GO nanosheets flatten the surface and decrease surface roughness drastically.
Decreasing surface roughness hinders the attachment of foulants and microorganisms on the

surface during operation, resulting in more mitigation of fouling and biofouling.

The presence and content of metallic silver were also confirmed by studying the
elemental composition of the membrane surfaces through XPS analysis. Strong signals of Ag
(3d) in both the Ag and GO-Ag-functionalized membranes was clearly observed in XPS spectra
(Figure 23 (A) and (B)) thus confirming the successful formation of Ag NPs. The intensity of Ag
(3d) signals for GO-Ag-functionalized membranes were stronger than the signals for Ag-
functionalized membranes, indicating that silver content increases in the presence of GO

nanosheets.
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Silver loading and releasing behavior were investigated more precisely by ICP-MS
analysis. The results (Figure 23 (C) and (D)) show that silver loading on GO-functionalized
membranes is almost four times more than the loading on pristine ones. Although silver loading
on GO-Ag-functionalized membranes was greater, silver releasing was also higher and lasted
longer in comparison with Ag-functionalized membranes. The stability of Ag NPs under
physical stress was also investigated and results (Figure 29, supporting information) clearly
demonstrate that GO significantly increased Ag stability after seven minutes of sonication.
Finally, the Ag concentration in both the feed and permeate solution was measured after 24-hour
performance tests of Ag-modified and GO-Ag-modified membranes in RO mode. Results for
both modified membranes showed the presence of approximately 2 ppb of silver on feed side and
0.2 ppb silver on permeate side, which is negligible in comparison with the maximum

contamination limit of Ag in drinking water (i.e., 100 pg/L) established by the World Health
45,48

Organization.
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Figure 22 BSE-SEM and AFM images of pristine (A), TFC-Ag in situ (B), and TFC-GO-Ag (C)
functionalized membranes. The white scale bar represents 100 nm.

3.3.2 Membrane surface hydrophilicity changed after modification while performance
remained unchanged
Membrane hydrophilicity and surface energy have substantial effects on membrane

131

fouling and biofouling. ™ The Van-Oss theory, which is used, in particular, for surfaces coated

1 i : : 106, 132, 1
with organometallic materials and ions,'®® '3% 133

was employed to measure surface energy.
Figures 24 (A) and 24 (B) represent water contact angle and interfacial free energy of cohesion
(hydrophilicity) of pristine and modified membranes. The results indicate that the incorporation
of Ag NPs onto both pristine and GO-modified membranes decreased their contact angle and
increased their hydrophilicity. For GO-modified membranes, increased hydrophilicity can be
attributed to the presence of oxygen-containing functional groups. For Ag-modified membranes
decreased contact angle may be a result of the presence of Ag NPs which can convert to ions and
alter the surface charge distribution. This effect is similar to the presence of cations in water
which leads to hydrophilicity.'"®® For GO-Ag-modified membranes, both surface functional
groups (attributed to GO) and Ag NPs (presence of cations) play a role in increasing
hydrophilicity. Increasing hydrophilicity can also lead to an increase in water flux for both FO
and RO modes of operation which are shown in Figure 24 (C) and (D), respectively. Membranes
modified with both GO and GO-Ag have a higher flux than pristine membranes while Ag-
modified membranes have the same flux as pristine membranes. Although salt rejection in RO

mode and reverse salt flux in FO mode rise, this incremental change is not substantial.
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3.3.3  Bacterial growth inhibition increased in the presence of GO nanosheets

The antimicrobial behavior of different membrane surfaces: pristine, GO-modified, in
situ Ag-modified, and GO-Ag-modified membranes; was examined using a non-pathogenic E.
coli model to represent anti-biofouling potential. In comparison with the polyamide pristine
membrane, membranes modified with GO nanosheets and in sifu formed Ag NPs exhibited 50%
and 80% inactivation, respectively (Figure 25 (A)). The inactivation of GO-Ag-modified
membranes was even higher; almost 100%. This synergetic effect is due to the antibacterial
properties and inactivation mechanism of both GO nanosheets and Ag NPs. GO nanosheets are
contact-based biocidal materials and are believed to potentially rupture the cell membranes with

78, 112, 115

their sharp edges or mediate lipid peroxidation induced by the oxidative nature of GO.

GO nanosheets can also stop bacterial growth through cell entrapment when they are used in

134

suspension. -~ Releasing reactive oxygen species (ROS) or direct oxidation of cellular

125-127, 134 The mechanism of inactivation of

component also plays a role in bacterial inactivation.
Ag NPs'" is being researched further, yet still remains controversial. There are reports on the
inactivation properties of Ag NPs claiming the nanoparticles enter the cell and selectively attack
the respiratory chain, causing cell division which eventually leads to cell death'" but other
contradicting reports relegate elemental Ag antimicrobial properties as these effects may be the
result of the silver ion (Ag") reacting with the cysteine from the membrane cell to damage it.**
135 These reports suggest that Ag NPs may serve as a more effective Ag” delivery vehicle, so Ag
NPs of smaller size may influence a larger specific surface area and result in a faster Ag' release
rate as compared to larger Ag NPs. Loading and releasing results (Figure 23 (C) and (D))
indicate that GO-Ag-modified membranes have more silver on the surface and also release more
silver ions (Ag") as a function of time. Considering each mechanism of inactivation, the bacterial

inactivation capability of GO-Ag would then come from higher loading, smaller Ag NP size, and

—+ .
more Ag ions released.

To further evaluate the antimicrobial behavior of the modified membranes, time-
dependent static (no pressure, no flow) bacterial inactivation tests were performed using three

different strains of bacteria; namely E. coli D21f2 (Gram-negative and non-pathogenic), E. coli
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O157:H7 (Gram-negative and pathogenic) and E. faecalis (Gram-positive and pathogenic). The
results show that the modified membranes exhibited strong anti-bacterial effects to all tested
bacteria, whereas for the pristine membrane, bacteria remained viable with an increasing number

of CFU observed over time (Figure 25(B), (C) and (D)).
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Figure 25. The number of live cells (CFU) on the pristine, Ag, GO and GO-Ag-modified surfaces over 1
hr contact with E. coli D21f2 bacterial suspension (A). The number of CFU on the pristine, GO, and GO-
Ag modified membranes over 0.5-6 hours contact with E. coli O157:H7 (B), E. coli D21f2 (C) and E.
faecalis (ATCC 29212) (D) bacterial suspensions. For each series of membranes, CFU values were
normalized by the CFU value for 0.5 h contact.



3.3.4 Ag NP regenerated successfully on the surface of GO-Ag-modified membranes

The regeneration of NPs after their release has always been a drawback of using biocidal
metal NPs such as silver or copper. In this study, after 7 days of storage in water to allow ion
release, Ag NPs were regenerated on the surface of GO-Ag-modified. The surface contact angle
and antimicrobial properties of the membranes after 7 days of ion-release and after regeneration
are shown in Figure 26. Results clearly indicate that membrane properties changed after a week
in water. Surface contact angle increased and surface energy decreased which means the
membranes lost their hydrophilicity, yet did not deplete to the point of pristine filters. This can
be attributed to presence of the GO nanosheets which were covalently bonded to the surface.
After the 7 day release process, the membranes were tested using XPS peak analysis of C1S
(Figure 30 supporting information). The patterns and sub-peaks for these membranes resembled
those of the GO-modified membrane and were completely different from the results for the
pristine membrane, confirming that GO remained on the surface even after being in water for one
week. Presence of GO nanosheets was also confirmed by Raman spectroscopy (Figure 26 D),
where both characteristic D band (1350 cm™) and G band (1590 cm™) were present in all
modified membranes, even for those kept in water for 7 days. Bacterial inactivation, much like

the membrane hydrophilicity, also decreased from 98% to 80% after the depletion treatment.

After the regeneration process, membranes regained their hydrophilicity and
antimicrobial properties, with contact angle decreasing to 30 degrees and bacterial inactivation
reaching 95%. The change in silver loading (metallic silver) was also examined by XPS. Signals
of Ag3d decreased after releasing but increased again after regeneration in total agreement with
ICP-MS results (Figure 26 (C)). Results indicate that a simple regeneration process (10 minute
immersion of membranes in AgNO; followed by immersion in NaBHy solution for 5 minutes)

significantly improved membrane properties after they were lost in the releasing process.
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and modified membranes (D) before and after regeneration.



3.4 Conclusion

In summary, Ag NPs formed in situ on the surface of both pristine and covalently-bonded
GO-modified membranes. Results show that in situ formation of Ag NPs on the GO-modified
membrane surface produces higher silver loading, higher and longer lasting ion-release, and
more effective antimicrobial properties as compared to the formation of Ag NPs on pristine TFC
FO membranes. GO-Ag-modified membranes showed high hydrophilicity which resulted in
increased water flux in both RO and FO modes of operation without significant adverse effects
on salt rejection. The regeneration of GO-Ag-modified membranes was also examined. Ag NPs
were successfully formed using an identical in sifu procedure on the surface of the modified
membranes that had been kept in DI water for seven days. Results show that membrane
hydrophilicity and antimicrobial ability decrease during the releasing process, however, the
regeneration process allows the membrane to regain its properties until it is fairly consistent with
the freshly modified counterpart. The simple regeneration method which has been developed in
this study will allow on site modification and regeneration of different types of industrial
membrane modules (hollow fiber, spiral wound). In comparison with the other methods of
surface modification this technique is cost effective and less time consuming (facile coating
process that requires low concentration of chemicals) and could easily be applied to modify other

surfaces contacted with contaminated water.

3.5 Supporting Information

3.5.1 TFC membrane modification

TFC FO membranes were coated with EDC/NHS followed by ED to modify functional
groups on the surface. Carboxylic groups of polyamide membranes converted to amine-reactive
esters by direct contact between the membranes and the EDC/NHS solution. An amide formation
reaction with a reactive ester was used to bond ethylenediamine to the active layer of the
membrane surface. The steps are as follows: first, TFC membranes were cut and placed on a
glass plate and covered with a frame; only the active side was exposed to the treating solution.
Frames were clamped with clips to prevent any leakage. The entire assembly was then placed on
a shaker, rotating at 50 rpm at room temperature. Second, 4 mM EDC, 10 mM NHS and 0.5 M
NaCl were dissolved in 10 mM MES buffer. The solution was adjusted to pH 5 with HCI and
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NaOH. The solution was then put in contact with the membrane surface for 1 h. Next, the
membranes were washed and rinsed with DI water three times and then covered with a solution
of 10 mM ED, 0.15 mM NacCl in 10 mM HEPES buffer at pH 7.5. Finally, the membrane surface

was washed with DI water to remove any unlinked ED.

Next, 100 mg of GO nanosheets were dispersed in 100 mL of 10 mM MES buffer at pH 6
and probe sonicated for 15 min to exfoliate them. This process also helped prepare a stable
suspension. Just before contacting the GO suspension (pH 7.5) with the ED functionalized TFC
FO membranes, 2 mM EDC and 5 mM NHS were added to the suspension. The GO
functionalized membranes were washed, rinsed three times, and stored in DI water at 4°C until in

situ Ag formation.

3.5.2 Scanning Electron Microscopy

Membrane samples were desiccated overnight then coated with 5 nm carbon. The carbon
was sputtered onto the samples by carbon evaporation (EDWARDS AUTO306) and were
examined in field-emission scanning electron microscopy (FE-SEM; JEOL, JSM-7600 TFE).
Backscattered electron (BSE) images were also collected with BSE collector JEOL 7600. BSE
intensities are a function of the atomic number of elements and can be useful for clarifying the

presence of Ag NPs and their distribution on the surface of membranes.

3.5.3 Contact Angle Measurements

The surface hydrophilicity of pristine and modified membranes was examined at room
temperature using the sessile drop method. The average of the left and right contact angles of at
least four 20 puL droplets were taken as the contact angle values. The Van-Oss theory was
employed for measuring surface energy'>> '**. Three different liquids: DI water, diiodomethene,
and glycerol were used for contact angle measurements and surface energy calculation. The
different contact angles were used for measuring Lifshitz-van der Waals (y*"), the electron

donor (), and the electron acceptor (y") of the membrane surface energy as:

(1 +cos 8y = 2( v v +vmyi + Jvmyi) (3-1)

Where the subscript / relates to liquid and m to the membrane. The surface energy of the

membranes was calculated by:

61



Ym = Ym' + 2 Vm¥Vm (3-2)

3.5.4 Membrane Performance Evaluation

The permeation cell was designed to provide an effective surface area of 42.75 cm®. The
membrane was compacted overnight with DI water at 400 psi until a steady water permeate flux
was reached. In the RO mode, the water flux (J) of the membranes was evaluated using the

following equation:

AV

J= 0 (33)

The salt rejection was determined by measuring the rejection of a 50 mM NacCl solution using a
calibrated conductivity meter (Oakton Instruments, Vernon Hills, IL, USA). The salt rejection of

the membranes was calculated using the following equation:
Cp
R=1|1- C. X 100% (3-4)
f

Where C, and C; are the salt concentrations in the permeate and feed solutions, respectively.

The membrane performance in the FO mode was also evaluated using a lab scale cross-
flow cell with the same dimensions as the RO cell. Both the feed (DI water) and draw solution (1
M NaCl) were circulated at the same flow rate (0.2 L/min) and without applied pressure. The
temperature of the feed and draw solutions was maintained constant at 25°C. To precisely
measure the water flux, a digital analytical balance was used to measure the weight change of the
draw solution. The reverse salt flux of the membranes was calculated by measuring the
conductivity of the draw solution before and after the FO process using a calibrated conductivity
meter (Oakton Instruments, Vernon Hills, IL). The FO water flux (Jy) and reverse salt flux (Js)

were calculated as follows:

Am
_av M
Jv = AmAt — ApAt (3-5)
_ A(Cey)
Js = ALAL (3-6)
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Where A, is the weight change of the draw solution, A,, is the effective surface area, and C; and

V; are the salt concentration and volume of the feed solution after the process, respectively.

3.5.5 Antimicrobial Evaluation of Membranes

Bacterial inactivation was evaluated by determining and comparing the number of viable
bacteria present on surfaces of virgin and functionalized membranes through a simple plate
counting method. Briefly, E. coli D21f2 (Gram negative and non-pathogenic) was grown
overnight at 37° C in Luria-Bertani (LB) broth medium. The bacterial solution was diluted and
cultured for 2 h to reach the log phase and was verified by an optical density measurement at 600
nm. The resulting bacterial solution was centrifuged and washed three times with 0.9% saline
solution before being diluted to 10’ CFU mL™ in 0.9% saline solution. For the exposure phase,
1.5 cm® membranes were punched and placed in a plastic holder with the active layer facing the
bacterial solution. The holders were maintained at room temperature for 1 h. After 1 h of
incubation, the excess solution was discarded, and the membranes were washed with a sterile
saline solution. To remove attached bacteria from the membrane surface, the membrane coupons
were bath sonicated for 7 min in a 10 mL isotonic solution. Finally, 100 pL serial dilutions
(representing over 6 orders of magnitude) of the bacterial solution were spread on LB agar plates

and incubated overnight at 37°C. The number of colonies was then counted.
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Figure 27 Images of pristine, TFC-GO, TFC-Ag and TFC-GO-Ag-modified membranes.
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X 100,000 5.0kV M . X 5.0kV SEI SEM

Figure 28 FE-SEM images of pristine (A), GO-modified (B), Ag-modified (C) and GO-Ag-modified
membranes. White scale represents 100 nm.
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Figure 29 Physical stability of Ag NPs on the surface of modified membranes after 7 minutes of bath
sonication. Ag loading was conducted by ICP-MS method for modified membranes before and after bath
sonication.
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Figure 30 XPS peak analysis for TFC, TFC-GO, and TFC-GO-Ag before and after regeneration. Results
show that after seven days of release, GO nanosheets are still present on the membrane surfaces.
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X 25,000 5 4 X 25,000 5.0kV SEL SEM

Figure 31 SEM images of cells (E. coli D2112) after contacting with pristine (A), GO-modified (B), Ag—
modified (C), and GO-Ag-modified (D) membranes for 1 h.
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Table 3 Surface roughness properties of the pristine and functionalized TFC FO membranes.

Sample Rinax (nm) R, (nm) Ry (nm) SAD (%)
TFC FO 486 + 22 52.2+0.5 655+ 1.5 67.4+2.1
TFC- Ag 483 +13 472+28 59.1+4.24 79.9+2.2

TFC-GO-Ag 212£32 249+438 31.6+6 43.1£4.1
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4 CONCLUSION and RECOMMENDATIONS

Biocidal Ag NPs and GO/Ag nanocomposite were synthesized and characterized.
Biocidal nanomaterials then applied in two different ways of ex situ and in situ onto the surface
of TFC FO membranes for preparing antimicrobial surfaces. Membrane characterization were
done and their performance evaluation were conducted were conducted in RO and FO mode of
operation. Results showed that making a composite of nanomaterials is more effective than each
one per se. biocidal nanocomposite can provide capture-killing mechanism and also will
inactivate bacteria in both media through releasing Ag” ion and in contact through cell
membrane rupturing by GO nanosheets. GO nanosheets also could govern shape, size, and
distribution of Ag NPs and by decreasing the size and preventing aggregation will increase the
efficacy of biocidal properties. Covalent bonding of nanomaterials to the surface will increase
their stability. Although combination of nanomaterials has some advantages, it still suffering
from limited loading and fast depletion of Ag NPs through ion-release process without the
possibility of regeneration. To overcome those limitations, in situ formation of Ag NPs on the
surface of GO-treated TFC FO membranes were conducted to still enjoy the advantages of
combination of two different types of biocidal materials and increasing Ag loading content and
providing the regeneration possibility. In this approach, GO nanosheets were covalently bonded
onto the membrane surface and then Ag NPs formed in situ onto GO-modified surface through
wet chemical reduction of AgNO; by NaBH,. Results showed new nanocomposite had the
similar biocidal properties with the former one but silver loading was greater and its release was
more controllable and longer lasted. Another advantage of new modification method was the
regeneration possibility. GO-Ag modified membranes were kept in DI water for seven days for
ion-release process then Ag NPs were regenerated in situ. Results showed after seven days GO
nanosheets remained on the surface but silver content decreased significantly. After regeneration
modified membranes regained their both hydrophilic and biocidal properties almost 80 percent.
New facile and quick regeneration method can be applied easily in real-world membrane systems

in different configurations such as hollow fiber and spiral wound modules.

Real biofouling tests for the future would be insightful for comprehensive understanding
of antibiofouling performance of modified membranes. Also investigation of toxicity and
bacterial inactivation mechanisms by the GO/Ag nanocomposite will provide more insights

about the synergetic effects of the combination of two biocidal nanomaterials. Combination of
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polymer brushes with GO nanosheets also can be considered as an alternative of using biocidal

nanomaterials alone.
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