In Situ Silver Decoration on Graphene Oxide-Treated Thin-Film
Composite Forward Osmosis Membranes: Biocidal Properties and

Regeneration Potential

Environmental Science and Technology Letters

Revised: December 04, 2015

Adel Soroush', Wen Ma', Myriam Cyr', Md. Saifur Rahaman'’, Bahareh Asadishad?, Nathalie
Tufenkji?

! Department of Building, Civil and Environmental Engineering, Concordia University
Montreal, Quebec, Canada, H3G 1M8
2 Department of Chemical Engineering, McGill University,
Montreal, QC, Canada H3A 0C5

*Corresponding author. Tel.: +15148482424, Ext. 5058

E-mail address: saifur.rahaman@concordia.ca (M.S. Rahaman)



ABSTRACT

The surfaces of thin film composite (TFC) forward osmosis (FO) membranes were modified
by in situ formation of silver nanoparticles (AgNPs) in the presence and absence of graphene
oxide (GO) nanosheets to impart biocidal properties to the membranes. The abundance of
oxygen-containing functional groups in GO makes it suitable for anchoring Ag* ions and
governing the size, shape, and distribution of AgNPs. The presence of GO resulted in the
formation of smaller and uniformly distributed AgNPs as well as increased silver loading,
higher stability, and enhanced ion-release control. Membranes modified by both GO and Ag
exhibited improved (98%) bacterial inactivation when compared to only Ag-modified (80%)
or GO-modified membranes (50%). After seven days of Ag ion release from GO-Ag-modified
membranes, AgNP regeneration was conducted identically to the in situ Ag formation
procedure. After regeneration, the membrane regained nearly all of its antibacterial properties

and 75% of its initial silver loading.

1. INTRODUCTION

With increasing application of membrane-based water treatment and desalination processes, 1
% attention to fouling and biofouling as major limitations of this technology is increasing
accordingly. Amongst the different methods of fouling and biofouling mitigation, membrane
surface modification using different modifiers and procedures is receiving considerable

recognition as an effective and flexible approach.*

Silver nanoparticles (AgNPs) are very effective biocidal NPs and have been investigated
regarding their formation mechanisms, "1° biocidal properties, 1113 and their applicability in
either membrane surface modification'**® or membrane bulk incorporation.??? Although
AgNPs provide significant and effective biocidal properties, their intrinsic tendency to
aggregate, and their fast dissolution or release in agueous media have raised concerns as to
their long-term efficacy and the possibility of regeneration.?® The combination of AgNPs and
carbon-based nanomaterials introduces a new class of emerging nanomaterials which offer

physical durability and more effective biocidal properties.?* 2°

Among a variety of carbon-based materials, graphene oxide (GO) nanosheets have attracted

significant attention because of their unique physical and chemical properties.?® Oxygen-



containing functional groups of GO?’ can serve as anchors for the AgNP nuclei and govern
their shape, size, and distribution. GO nanosheets also show extensive biocidal properties and
toxicity towards microorganisms?-3C, thus increasing the efficacy of the biocidal properties of
GO-Ag nanohybrids.>> GO-Ag nanocomposites, among other types of nanohybrids, have
attracted attention for antimicrobial applications,®3* and more recently, for the
functionalization of nanofiber mats®® and thin film composite (TFC) forward osmosis (FO)

membranes.3®

To the best of our knowledge, our recent publication reports for the first time, surface
modification of FO membranes by GO/Ag nanocomposites.®® 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. Therefore, this current study focuses on using GO nanosheets as a sublayer modifier
for in situ AgNP formation on TFC FO membranes to overcome the aforementioned
limitations. The new modification procedure provides a covalent bond between GO and
membrane surface which is permanent in comparison to the covalent bond between silver and
the membrane surface in our pervious study. 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 potential of AgNP regeneration after depletion in

water for seven days, for the first time, was investigated.

2. MATERIALS AND METHODS

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 polyamide (PA) TFC FO membranes were obtained from HTI and

were soaked in DI water for 24 hrs before modification.



2.2 In situ AgNP formation on GO modified membranes

Graphene oxide nanosheets were covalently bonded to the surface of membranes through the
formation of amine reactive esters. AgNPs were then formed in situ on the surface of GO-
modified membranes through the wet chemical reduction of AgNO3 by NaBH4. GO-modified
membranes were covered with AgNOs solution for 10 min followed by NaBHa solution for 5
min and all modification processes were assisted by shaking. (The detailed modification

process is described in Supporting Information).

2.3 Membrane characterization

The distribution of AgNPs 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 virgin
and functionalized membranes were determined by X-ray photoelectron spectroscopy (XPS,
SK-Alpha). Raman spectroscopy of pristine and modified membranes was conducted (Invia
Reflex-Renishaw) 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. Membrane performance tests were
conducted by using a cross-flow cell in RO and FO mode (detailed procedure can be found

elsewhere). 3637

2.4 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. The procedure is described in Supporting

Information.

2.5 Loading, stability and release of AgNPs

The reservoir method® was used to measure the silver ion loading, stability under physical
stress (7 min bath sonication), and ions released from functionalized membranes. The detailed

procedure is presented in the Supporting Information.



2.6 Regeneration of AgNPs on the membrane surfaces

To study the regeneration of AgNPs, silver decorated GO-functionalized membranes were first
immersed in DI water for seven days. Fresh DI water was replaced every 24 hours and the ion-
release process was accelerated by shaking (50 rpm). AgNPs were then regenerated on the
surface of the membranes using the procedure described in section 2.2 and the Supporting
Information. The success of the regeneration process was confirmed by examination of
antimicrobial performance, contact angle measurements, loading measurements, and XPS

analysis.

3. RESULTS AND DISCUSSION
3.1 AgNPs were formed successfully and their loading increased in the presence of GO
nanosheets

Backscattered electron (BSE) SEM images in Figure 1 indicate the presence of bright spots
with strong Ag signals on the surface of the modified membranes, confirmed by EDX analysis
(Figure 1). Furthermore, the AgNP size and distribution appear different for samples with and
without GO nanosheets (Figure S3). In the presence of GO nanosheets, well-distributed and
finer AgNPs were formed in comparison with AgNPs formed directly on the surface of pristine
membranes. The AFM analysis results, as depicted in the Supporting Information (Table S1),
exhibit a slight decrease in membrane roughness due to in situ AgNPs formation, while the
incorporation of GO nanosheets flattened the surface and decreased surface roughness

drastically.

The presence and content of metallic silver were also confirmed by studying the elemental
composition of the membrane surfaces via XPS analysis. Strong signals of Ag (3d) in both the
Ag and GO-Ag-functionalized membranes were clearly observed in XPS spectra (Figure 2A)
thus confirming the successful formation of AgNPs. The intensity of Ag (3d) signals (centered
at 373.9 and 367.9 eV) 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.

Silver loading and release behavior were investigated more precisely by ICP-MS analysis. The
results (Figure 2B and C) shows that silver loading on GO-functionalized membranes is nearly

four times greater than the loading on pristine ones. Although the silver release from GO-Ag-
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functionalized membrane was greater, the lifetime of AgNPs seems to be longer in comparison
with Ag-functionalized membranes. The stability of AgNPs under physical stress was also
investigated and the results (Figure S3) 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 pg/L of silver on the feed side and 0.2 pg/L silver on the permeate side,
which is negligible in comparison to the maximum contamination limit of Ag in drinking water
(i.e., 100 pg/L) as established by the World Health Organization.’

Membrane hydrophilicity and surface energy have substantial effects on membrane fouling
and biofouling.®® Surfaces with higher surface energy and hydrophilicity allow the formation
of a tightly bonded water molecule layer which provides a repulsive barrier against the
adsorption of foulants. The Van-Oss theory as used elsewhere3® 40 was employed to measure
surface energy. Figure 2D represents the water contact angle and interfacial free energy of
cohesion (hydrophilicity) of pristine and modified membranes. The results indicate that the
incorporation of AgNPs 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 changes of surface
roughness and the presence of AgNPs which can be converted to Ag ions and alter the surface
charge distribution as well as possibly due to the formation of silver oxide layer on the surface
of AgNPs. For GO-Ag-modified membranes, both surface functional groups (attributed to
GO) and AgNPs (presence of cations) play a role in increasing hydrophilicity. Increasing
hydrophilicity can also lead to an increase in water flux around 3% for FO and around 13% for
RO modes of operation (results are presented in the Supporting Information in Figure S2),
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.
Moreover, membrane modification results in insignificant changes in salt rejection (around

2.5% decrement) and reverse salt flux (around 3.5 % increment).

3.2 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 model, non-
pathogenic E. coli strain to verify the anti-biofouling potential of the membranes. In
comparison with the polyamide pristine membrane, membranes modified with GO nanosheets
and in-situ-formed AgNPs exhibited 50% and 80% inactivation in comparison to pristine
membrane, respectively (Figure 3A). The inactivation performance of GO-Ag-modified
membranes was even higher. This synergetic effect is due to the combined antibacterial
properties and inactivation mechanisms of the GO nanosheets and AgNPs. GO nanosheets are
contact-based biocidal materials and are believed to potentially rupture the cell membranes
with their sharp edges** or mediate lipid peroxidation induced by the oxidative nature of GO.
Releasing reactive oxygen species (ROS) or direct oxidation of cellular component also plays
a role in bacterial inactivation.?®-3% 4 The mechanism of inactivation of AgNPs'? is being
researched further, yet still remains in question. There are reports on the inactivation properties
of AgNPs claiming that the nanoparticles enter the cell and selectively attack the respiratory
chain, causing cell division which eventually leads to cell death!? but other contradicting
reports indicating that the silver ions (Ag*) to be the major contributing factor in inactivation
of microbes through reacting with the cysteine of the cell membrane'® *® These reports suggest
that AgNPs may serve as a more effective Ag* delivery vehicle, whereby AgNPs of smaller
size provide a larger specific surface area and result in a faster Ag* release rate as compared to
larger AgNPs. Loading and release results (Figure 2B and C) indicate that GO-Ag-modified
membranes present 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 AgNP 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
0157:H7 (Gram-negative and pathogenic) and E. faecalis (Gram-positive and pathogenic).
The results show that the modified membranes exhibited strong anti-bacterial activity against
the three tested bacteria, whereas for the pristine membrane, bacteria remained viable with an

increasing number of CFU observed over time (Figure 3B-D).
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3.3 AgNPs regenerated successfully on the surface of GO-Ag-modified membranes

The regeneration of NPs after their release has always been a challenge in the use of biocidal
metal NPs such as silver or copper. The ultimate lifetime of leachable nanomaterials in real-
life membrane application depends on several factors such as: size, shape, and distribution of
AgNPs, the nature of bonding between NPs and membrane surface, sub layer chemistry, and
the pH and ionic strength of water. In this study, after seven days of storage in water to allow
ion release to reach plateau (as observed in Figure 2C), AgNPs were regenerated on the surface
of GO-Ag-modified membranes. The silver content, XPS spectra, Raman shift and
antimicrobial properties of the membranes after seven days of ion-release and after
regeneration are presented in Figure 4. Silver content of the modified membrane decreased by
60% after seven days of ion-release but increased back to 70% of the initial value after
regeneration (Figure 4A). The XPS analysis of modified membranes exhibited the similar trend
(signals of Ag3d decreased after release but increased again after regeneration) in total
agreement with ICP-MS results (Figure 4C). Surface contact angle increased and surface
energy decreased indicating that the membranes lost their hydrophilicity (results are not
shown), yet did not deplete to the point of pristine filters. This can be attributed to the presence
of the GO nanosheets which were covalently bonded to the surface. Bacterial inactivation,
much like the membrane hydrophilicity, also decreased from 98% to 80% after the depletion
treatment, while the membrane regained 95% inactivation after being regenerated with AgNPs
(Figure 4B). This change in bacterial inactivation is clearly linked to the Ag content of
membrane surfaces. Since the regeneration was conducted after seven days which the silver
leaching process was not completed, the silver content of the membranes did not reach initial
values. This difference can be attributed to the differences of the surface properties of fresh
GO-modified surface before Ag decoration and the surface of the modified membrane which

still has 50 percent of silver from last decoration process.

The presence of GO nanosheets was confirmed by Raman spectroscopy (Figure 4D), 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 seven days. The existence of GO on the membrane
surface after being in the water for one week was further confirmed by the XPS peak analysis

of C1S (Figure S2) where the patterns and sub-peaks for these membranes resembled those of



the GO-modified membrane and were completely different from the patterns for the pristine

membrane.

4. ASSOCIATED CONTENT

Supporting Information
Complete materials and methods information; physical stability of AgNPs (Figure S1);
Performance of pristine and modified membranes (Figure S2); SEM images of modified
membranes (Figure S3); XPS peak analysis of pristine and modified membranes before and
after regeneration (Figure S4); and surface roughness properties of pristine and modified
membranes (Table S1). This material is available free of charge via the Internet at

http://pubs.acs.org.
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Figure 1. BSE-SEM image and EDX analysis modified membranes. BSE image of TFC-Ag in
situ (A) and EDX spectrum of black spots (Polymer or GO substrate) (B), BSE-SEM image
TFC-GO-Ag (C) and EDX spectrum of white spots (AgNPs) (D). The white scale bar represents

100 nm.
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Figure 2. XPS spectra of pristine and modified membranes irradiated with a beam of
monochromatic Al Ka X-rays with 1.350 keV of energy (A). ICP-MS results of loading and
stability (B) as well as seven days of Ag release behavior in DI water (C). The modified
membranes were kept in DI water for seven days immediately after modification and fresh DI
water was supplied every 24 hr. Ag remained was measured by taking away of cumulative ion

released during seven days from initial silver loading (ion-release procedure is presented in detail

in the Supporting Information). Water contact angle and surface energy of functionalized

membranes (D).
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membrane (A). The normalized CFU on the pristine, GO, and GO-Ag modified membranes
after 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 at 0.5 hr contact time.
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Figure 4. Normalized silver content on the surface of membranes (A), antimicrobial properties
of pristine and modified membranes (B), and XPS spectra for Ag (3d) and N1S(C), Raman shift
of pristine and modified membranes in 532 nm laser excitation (D) before and after regeneration.
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