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ABSTRACT: Graphene oxide (GO) nanosheets were
attached to the polyamide selective layer of thin film
composite (TFC) forward osmosis (FO) membranes through
a poly L-Lysine (PLL) intermediary using either layer-by-layer
or hybrid (H) grafting strategies. Fourier transform infrared
spectroscopy, zeta potential, and thermogravimetric analysis
confirmed the successful attachment of GO/PLL, the surface
modification enhancing both the hydrophilicity and smooth-
ness of the membrane’s surface demonstrated by water contact
angle, atomic force microscopy, and transmission electron
microscopy. The biofouling resistance of the FO membranes
determined using an adenosine triphosphate bioluminescence
test showed a 99% reduction in surviving bacteria for GO/
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PLL-H modified membranes compared to pristine membrane. This antibiofouling property of the GO/PLL-H modified
membrane was reflected in reduced flux decline compared to all other samples when filtering brackish water under biofouling
conditions. Further, the high density and tightly bound GO nanosheets using the hybrid modification reduced the reverse solute
flux compared to the pristine, which reflects improved membrane selectivity. These results illustrate that the GO/PLL-H
modification is a valuable addition to improve the performance of FO TFC membranes.
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1. INTRODUCTION

Osmotically driven membranes have the potential to address
the issues of global water scarcity by incorporation into water
purification processes." This has promoted considerable
research interest into the application of forward osmosis
(FO) in industrial and environmental wastewater purification.
Despite the recent advances in FO technology, it still suffers
from several major limitations, which highlights the need for
improving membrane design including ways to reduce
membrane fouling and methods to minimize the loss of draw
solute.”™*

Biofouling is an inevitable aspect to membrane filtration.
Biofouling initiates through the accumulation and growth of
microorganisms on the surface of the membrane, starting the
development of a biofilm.” Stages for the formation of such
biofilm include (1) bacterial cell attachment, (2) cell to cell
adhesion, (3) proliferation, (4) maturation, and ($) dispersion

of planktonic bacteria.®~® Once the biofilm is stabilized on the
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membrane surface (via weak hydrogen bonding and van der
Waal’s, hydrophobic, or electrostatic interactions) it works as a
bioreactor, at the wrong time and place, leading to undesired
water flux decline and overall higher energy consumption.”"’
Although it was reported that fouling of FO membrane is
reversible' compared to ultrafiltration (UF), nanofiltration
(NF), and reverse osmosis (RO) membranes, biofouling is
considered as an obstacle that limits the use of FO membrane
filtration, in particular, for wastewater feed applications without
pretreatment.”~* Several approaches have been suggested to
control and minimize the FO membrane fouling phenomenon.
Examples include, developing innovative setups for the FO
module, optimization of FO operation conditions, partial
prepurification of feed solution, cleaning with chemical agents,
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Figure 1. Schematic chemical reaction of GO/PLL-LbL membrane surface modification technique: (A) PLL covalently binding to the native
carboxyl moieties of polyamide FO (TFC) membranes and (B) GO assembled on the surface of PLL modified FO membrane.

using spacers, and membrane surface modifications."' ~"* While
all these methods have value, the easiest and most efficient
antifouling strategy that can be easily applied to current FO
membrane manufacture and filtration plant technologies is
surface modification.

Another challenge in the design of the FO membranes that
can be addressed using surface modification is the development
of a highly selective thin film composite (TFC) active layer.
Generally, TFC-FO membranes have moderate selectivity
compared to state of the art seawater TEC-RO membranes.'*"
This low selectivity in FO membrane processes is due to a high
rate of reverse solute flux (J), which also accelerates the onset

of membrane fouling.'® Once the reverse solute passes through
the PA selective layer, it leads to the undesirable diffusion of
solute, an increase in the internal concentration polarization
(ICP) and blockage of the membrane porous layer.'’
Moreover, the ICP has a more prominent negative influence
on the water flux of FO process, compared to the effect of
external concentration polarization.''” Thus, a tight active
layer is required for low reverse salt diffusion and fouling.*’
Recently, the unique attributes of amphilphilic GO nano-
sheets promoted a new generation of high water flux
membranes. GO nanosheets deposited on the membrane
substrate have the ability to form laminate space, resulting in
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Figure 2. Schematic chemical reaction of GO/PLL-H membrane surface modification method: (A) GO covalently bonded to PLL and (B) the
hybrid GO-PLL covalently binding to the native carboxyl moieties of polyamide FO (TFC) membranes.

channels that filter water with frictionless diffusion.”"** To take
advantage of these attributes of GO nanosheets, it is also
imperative to maintain the suitability of any GO-based
membrane for use in water filtration applications. Therefore,
the utilization of the common and simple filtration method to
fabricate GO-based membranes™** carries the environmental
risk of dispersion of hydrophilic GO nanosheets into the
hydrosphere. This risk is mitigated by fabricating GO
nanosheets that are strongly bound to each other and to the
support substrate, previously addressed by two main
strategies.”” One strategy is based on stacking the negatively
charged GO nanosheets, through electrostatic interaction onto
a positively charged layer.”®”’ The other approach is the
formation of covalent bonds between the GO layers by
applying cross-linkers such as trimesoyl chloride (TMC).”® In
addition to the benefits to filtration performance, GO
nanosheets also have bactericidal and fungicidal properties™”*’
that could be leveraged for reducing biofouling.

Although several research projects have studied FO
membrane biofouling,3l_33 limited attention has been given

to both rectifying the problem of FO membrane reverse solute
flux drawback and designing effective methods to inhibit the
bacterial growth on the membrane surface using an easily
applied coating. Herein, we report two different strategies for
grafting the surface of FO membrane; layer by layer (LbL) or
hybrid (H) layers of GO nanosheets/PLL, to form a stable
modified surface of GO/PLL-LbL or GO/PLL-H membranes
in order to compare their performance and biofouling
resistance in FO mode. We then analyzed the pristine and
coated membranes to confirm the successful grafting of GO/
PLL, studying the structure, topography, thermal stability,
surface coating density, antibacterial, hydrophilicity, and surface
charge properties of the membranes.

2. MATERIALS AND METHODS

2.1. Synthesis of GO Nanosheets and Grafting of FO
Membranes. GO nanosheets was prepared by chemical exfoliation
(modified Hummer’s technique) of Gt (graphite powder SP-1 < 20
um; Bay Carbon, Bay City, MI). The reaction mechanism was
reported in our previous study."”

18006 DOI: 10.1021/acsami.5b04818
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Figure 3. Schematic diagram of experimental FO setup.
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GO nanosheets are used to modify the surface of FO TFC
membranes through layer-by-layer (LbL) or hybrid (H) techniques.
To assemble GO/PLL-LbL onto an FO (TFC) membrane, we
sandwiched the membrane between a backing plate and a frame made
of poly(methyl methacrylate) to expose only the active layer. The
membrane surface was then etched with 200 ppm sodium hypochlorite
for 2 min followed by washing with Milli-Q water from ultrapure water
purification system (Millipore, Synergy). A solution of 60 mM 1-ethyl-
3-[3-(dimethylamino) propyl] carbodiimide hydrochloride 98%
(EDC) (Sigma-Aldrich TM) was prepared with pH adjusted to 5.5
using HCl/NaOH and placed onto the membrane surface for 15 min,
altering the carboxyl groups of the PA active layer into amine-reactive
esters, as indicated in (Figure 1). The EDC solution was then replaced
with an aqueous solution of PLL (500 pg/mL) (Sigma-Aldrich TM)
prepared in water for 30 min and then removed. Graphene oxide (80
pug/mL) was dispersed in EDC (4 mM) solution at pH S.5 by
sonication for 10 min and then placed onto the PLL-grafted TFC
membrane. The GO/PLL-LbL grafted membranes were rinsed with
Milli-Q water several times to remove any unbound GO from the
membrane surface and stored in Milli-Q water at 4 °C until used. A
similar procedure was applied to graft hybrid GO/PLL on the
membrane surface (Figure 2). In brief, a covalently bound hybrid
between GO nanosheets and PLL was formed first from an aqueous
dispersion, and then the GO/PLL hybrid was grafted to the activated
FO membrane surface for 30 min.

2.2. Characterization of FO Membranes and GO Nano-
sheets. Zeta potential measurements were conducted to determine
the surface charge of pristine and grafted membranes using an Anton
Paar SurPASS Electrokinetic Analyzer (Anton Paar, Austria) with
adjustable gap cell height. The streaming current was determined and
the Helmholtz—Smoluchowski approximation was utilized to calculate
the zeta potential. For all experiments, 10 mM of potassium chloride
(KCl) solution was used as the background. Measurements were
performed over a pH range of 9—3. Starting with pH value of
approximately 9, adjusted by 0.1 M sodium hydroxide (NaOH), the
pH gradually dropped to 3, using dosing pump that automatically
injects calculated amounts of 0.1 M hydrochloric acid (HCI). The zeta
potential instrument was set to collect four data points at every 0.5 pH
increment and report the average.

The chemical composition of the surface of pristine and grafted
membranes were examined by attenuated total reflectance Fourier
transform infrared spectroscopy (ATR-FTIR), using a Nicolet Nexus
8700 FTIR Spectrophotometer (Thermo Electron Corporation) fitted
with a Smart Orbit ATR accessory, including a diamond crystal
internal reflection element. Data generated were manipulated using
OMNIC software.

Thermogravimetric analysis (TGA Discovery) was employed to
analyze the material composition of grafted membranes. The samples

were placed in the platinum pans and heated from 30 to 700 °C at 10
°C/min and under a flow of N, (25 mL/min). The temperature
calibration was performed using the Curie temperatures of nickel and
alumel standard reference materials (TA Instruments). To find the
GO nanosheets graft density, we used the same area of the membranes
for TGA analysis. The weight change of the PLL modified membrane
was subtracted from the weight change of GO/PLL-H and GO/PLL-
LbL in the region of 250—600 °C, to give the mass per area of grafted
GO.

AFM (NT-MDT NTEGRA SPM) in noncontact mode was used to
compare the roughness of pristine and grafted membranes. A tip of
silicon nitride coated with gold on the reflective side (NT-MDT,
NSGO03) was utilized. The scanner, calibrated by 1.5 ym standard grids
having height of 22 nm with resonance frequencies from 65 to 100
kHz, has a maximum range 100 gm. The oscillation amplitude was
utilized in 10 nm with a scan rate of 0.5 Hz. Then, 3 uL of GO
suspension in water (S ug/mL) was dropped on a 1 cm? silicon wafer
for measuring the dimension of GO nanosheets.

The morphology of the grafted and pristine membranes were
studied using micrographs of their respective cross sections captured
by transmission electron microscopy (FEI Tecnai G2 Spirit TEM).
The sample preparation protocol consisting of immersion of the
membrane in white resin for at least 24 h, before embedding it into
gelatin capsule, packed with resin to eliminate oxygen exposure, and
cured overnight at 60 °C. Cross sections were prepared using a Leica
Ultra cut ultra microtomer with a diamond knife and inserted into
carbon/Formvar (polyvinyl formal) coated copper grids.**

The Data-Physics OCA1S Contact Angle Analyzer (Data Physics
Instruments GmbH, Filderstadt, Germany) was used to measure the
surface wettability of pristine and grafted membranes. The captive
bubble method was utilized for measuring the contact-angle. The drop
images were captured and angles calculated by OCA software. At least
five replicates were used for each measurement, and the average values
were reported.

2.3. Evaluation of FO Membrane Performance. Membranes
were assembled in FO mode to compare the performance of pristine
and modified membranes, as illustrated in Figure 3. Flat sheet TFC FO
membrane (HTI, OsMem TFC Membrane) with an effective surface
area of 48 cm? was used. Mesh spacer (low foulant spacer, Sterlitech,
WA) was positioned on both sides of the holder to support the
membrane with the same surface area. Milli-Q water or S g/L NaCl
solution, was used as feed solution for each experiment. Peristaltic
pumps (Cole-Parmer, Australia) and flow meters (Cole-Parmer,
Australia) were employed to push the feed and draw solutions with
a flow rate of SO0 mL/min on both sides of the membrane.

The draw solution concentration was kept constant for all
experiments (2 M NaCl, prepared from analytical reagent grade
NaCl (Ajax Finechem Pty. Ltd., Australia) through a dosing pump,
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connected with a conductivity sensor to avoid changing the osmotic
pressure. A digital balance (MS 1600 1, Mettler-Toledo, Switzerland)
connected to a computer recorded the weight of water permeate as a
function of time. The water flux (J,, in units of L m™ h™!) was
measured by the volume change of permeate, as given by eq 1.”

Avolume of permeate

" membrane surface area X Atime (1)

2.4. Biofouling of FO Membranes and Cleaning Procedure.
Prior to each experiment, the FO setup was washed using 0.25%
sodium hypochlorite solution for 30 min, then with Milli-Q water for
30 min. Then membranes were installed and rinsed in Milli-Q water at
a cross-flow rate of 9.9 cm/s for 30 min before running for 23 h using

the NaCl (2M) draw solution described above and a fouling feed
solution. The feed solution was natural brackish surface water from a
local Australian lake spiked with nutrient to enhance the bacterial
growth rate and accelerate the biofouling on the membrane surface.
This spiked feed solution was composed of 2 g/L of sodium acetate
(Merck, Australia), 0.6 g/L sodium nitrate (Ajax Chemical, Ltd,
Australia) and 0.2 g/L of sodium dihydrogen phosphate (May and
Baker, Ltd., England), producing a C/N/P mass ratio of 100:20:10.%*
The permeate water flux was automatically recorded using a digital
balance connected to a computer. To clean fouled membranes, both
feed and draw solutions were replaced by Milli-Q water at flow rate of
1000 mL/min for 1h. To assess flux recovery after cleaning, we then

DOI: 10.1021/acsami.5b04818
ACS Appl. Mater. Interfaces 2015, 7, 18004—18016


http://dx.doi.org/10.1021/acsami.5b04818

ACS Applied Materials & Interfaces

Research Article

® PLL
O GO/PLL-LbL
+ GO/PLL-H

—g——

300 " 400 500 600

Temperature (°C)

Wit Change | GO Grafting Density
(mg) (mg/em?)
PLL 1L7) 0
GO/PLL-H 1.87 0.2
GO/PLL-LbL 1.79 0.08

Figure 6. TGA of PLL, GO/PLL-H, and GO/PLL-LbL grafted FO membranes. (A) The growing peak at ~440 °C corresponds to increasing GO
nanosheets on the FO membrane surface and (B) the GO grafting density values on the membrane surface.

tested all membranes again for 1 h filtration in FO mode using Milli-Q_
water as a feed solution, and NaCl (2 M) as a draw solution.

2.5. Biofouling Analysis. To quantitatively determine the biocidal
activity of collected biofouled membrane samples, we conducted
accurate and fast Adenosine Tri Phosphate (ATP) biochemical test to
measure the concentration of live biological cells. The main concept of
ATP analysis is measuring the quantity of light, created via enzymatic
reaction, by using the luciferin—luciferase assay in alumina meter
calibrated with solutions of free ATP (Celsis) in sterilized water
(Celsis Advance).*>*® The samples for ATP test were prepared by
scraping fouled membrane surface from a specific surface area on all
samples. The samples were then diluted in S0 mL of sterilized water
before the ATP analysis. To quantify the free ATP of fouled
membranes, we placed samples in the polystyrene tube of ATP kit and
positioned in the auto sampler chain. The ATP dispenser automati-
cally injects certain ratios of (Celsis, LuminEX) to lyse the bacterial
membrane of the cells, followed by luciferin—luciferase (Celsis, Lumin
ATE) into the mounted samples. The detection limit of this setup is 1
ng/L of the measured sample.

3. RESULTS AND DISCUSSION

3.1. Membrane Surface Charge. Zeta potential curves,
revealed in Figure 4, provide information on the surface charge
distribution for pristine and surface modified membranes as a
function of pH. The zeta potential of pristine FO membrane
was negative over the entire tested pH range.”’ Coating the
membrane with PLL cationic polymer significantly shifted the
zeta potential and iso-electric point compared to the
unmodified membrane, making it positively charged at acidic
pH. This was due to the presence of secondary and primary
amino groups on the membrane surface that were able to take
on a positive charge.”® For membranes modified with both PLL
and GO nanosheets the zeta potential is positive at the most
acidic pH due to the PLL, but the presence of the negatively
charged oxygen functional groups on GO nanosheets surface
incorporated by either technique (LbL or H) resulted in zeta
potential levels in the entire pH range that are intermediate
between that of pristine and PLL treated membranes. Lastly,
the slightly more negative zeta potential for GO/PLL-H
coatings compared to GO/PLL-LbL coatings indicates a greater
GO grafting density on the hybrid membrane surface, further
validated by the TGA analysis (Figure 6B)

18009

3.2. Surface Functional Groups. The ATR-FTIR spectra
of the pristine, etched and surface modified FO membranes are
shown in Figure 5. The ATR-FTIR spectrum in Figure Sa
shows the typical peaks of an aromatic polyamide layer. The
peaks at 1663 and 1541 cm™ represent the amide I (C=0
stretch) and amide II (N—H bending) respectively, while the
peak at 1609 cm™' represents the C=C stretching of an
aromatic amide.'” Characteristic peaks in the spectrum of
etched membrane (Figure Sb) were not discernably different to
the pristine membrane except for the reduction in the intensity
of the C=0 stretching of benzoic acids at 1710 cm!,*” which is
attributed to the breakage of hydrogen bonds between C=0
and N—H groups.”” The successful grafting of PLL, GO/PLL-
H, and GO/PLL-LbL and stable covalent bond formation with
the membrane surface is evidenced by the amide-I bands (1663
cm™") shift to a higher peak intensity. It is postulated that this is
due to the formation of covalent amide bonds between native
carboxyl groups of FO membrane and amino groups of PLL
(Figure Sc) or between the carboxyl groups of GO nanosheets,
amino groups of PLL, and activated FO membrane surface
(Figure 5d,e). The fact that the spectra over the range of 1145—
1350 cm ™" in the polysulfone layer remains unaltered, confirms
that the NaOClI etching did not degrade the polysulfone layer.*”

3.3. Thermal Analysis. The presence of GO and PLL on
the membrane surface was also confirmed using thermogravi-
metric analysis (TGA). The thermograms of surface modified
membranes in the temperature range of 250—600 °C are
presented in Figure 6A. There are two significant peaks in the
first derivative of the mass loss curves. The largest one appears
in the temperature range of 350—475 °C and is associated with
the degradation of the selective amide layer and components of
the support layer of the underlying membrane as well as the
applied coating. The presence of two small peaks and the
shoulder within the first significant peak confirms the successful
surface modification of the polyamide layer with GO/PLL-LbL
and GO/PLL-H, respectively, and is in agreement with
reported literature.”’ The second peak occurs at 520 °C as a
result of the degradation of the supporting polysulfone layer.*”

The grafting density of GO nanosheets on the FO membrane
surface was calculated based on the TGA data and is presented
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Figure 7. AFM 2D image of (A) GO nanosheets and 3D images of (B) pristine, (C) etched, (D) PLL, (E) GO/PLL-H, and (F) GO/PLL-LbL

membranes.

in the inset table in Figure 6B. The graft density of GO
nanosheets on the FO membrane surface prepared via the
hybrid method is higher than that prepared by LbL technique.
It is hypothesized that the reaction between dissolved
polycationic PLL and dispersed GO nanosheets in the hybrid
technique presents ideal access between the amine and EDC
activated carboxyl functional groups, maximizing the amount of
GO attached. In contrast, in the LbL technique the GO
nanosheets can only covalently bind the exposed amino groups
of the PLL surface layer. Grafting density results are consistent
with zeta potential results, in which GO/PLL-H showed a more
negatively charged surface throughout the pH range.

3.4. AFM Analysis. AFM was used to confirm the
successful fabrication of the GO and to measure their
dimensions. The thickness of single GO Nanosheet was in
the range between 1.5 and 2.5 nm with lateral dimension in the
range between 200 and 1000 nm (Figure 7A). AFM was also
used to compare the roughness profile of the pristine, etched,
and grafted membrane surfaces (Figure 7B—E). The surface
roughness of pristine FO membrane was relatively uniform with
root-mean-square (RMS) of 43 nm. Etching of the membranes
leads to a rougher surface (61 nm, RMS), the morphological
difference helping to verify the chemical change. The PLL

coating does not significantly change the roughness of the
etched surface (63 nm, RMS) suggesting that the PLL is
conformally attached to the membrane surface, creating a
monolayer which follows the substrate “hills” and “valley”
rough configuration. In contrast, the grafted GO/PLL-H and
GO/PLL-LbL exhibited smoother surface topography of 36
and 47 nm (RMS), respectively. The smoother surface
morphology of the grafted GO/PLL coatings is conceivably
due to the GO nanosheets occupying the valleys of the grafted
PLL. This illustrates that the GO/PLL modification does not
significantly change the surface roughness of the unmodified
membranes. This is important because rough surface
morphology increases the membrane surface area, increasing
binding sites for bacterial adhesion,*>**
effectiveness of hydrodynamic cleaning of the fouled biofilm
layer on the membrane surface.*

3.5. Morphology of Modified FO Membranes. TEM
images of the cross sections of the pristine PA, NaOCI etched,
grafted PLL, GO/PLL-H and GO/PLL-LbL composite
membranes are shown in Figure 8. The morphology of the
PA skin layer is a function of the chemical cross-linking reaction
rate and the formation of covalent and hydrogen bonds.”
Etching of the membrane with sodium hypochlorite and the

and decreases the
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Figure 8. TEM images of the cross sections of (A) pristine (B) etched, (C) PLL, (D) GO/PLL-H, and (E) GO/PLL-LbL FO membranes.

resulting breakage of surface covalent and hydrogen bonds
leads to a looser ridge-valley structure than the pristine one
(compare Figures 8A and 8B), confirming the surface
roughness results detected by AFM. Only a slight change of
the ridge-valley structure occurs after grafting with PLL (Figure
8C), and both membrane have skin layers from 100 to 200 nm.
In contrast, the surface morphology of GO-PLL-H grafted
membrane became highly compact with a skin layer thickness
of 50—100 nm, resulting from better interface compatibility
between the GO nanosheets/PLL and the PA skin layer as
shown in Figure 8D. Although the GO nanosheets are visible,
laying on the surface of GO-PLL-LbL grafted PA membrane,
the surface morphology did not appear to be enhanced in the
same way as for GO-PLL-H (Figure 8E), and the skin layer
thickness is comparable to the pristine and etched membranes.

3.6. Contact Angle Analysis. It is well-known that the
hydrophilic membrane surfaces have increased biofouling
resistance properties.'>>** As such, the captive bubble method
was used to measure the surface hydrophilicity of pristine and

grafted FO membranes. The etched membrane surface
displayed a high hydrophobic nature of (73°), compared to
the pristine (50°) case. This can be understood in light of the
apparent roughness of the etched membrane. The surface
hydrophilicity of the grafted PLL, GO/PLL-LbL, and GO/PLL-
H membranes was improved by the modification to 42, 38, and
30°, respectively (Figure 9). The contact angle decrease with
the incorporation of PLL and GO nanosheets is expected, as
these are hydrophilic materials containing abundant amino,
hydroxyl, and carboxylic acid functional groups

3.7. Performance Patterns of Tested Membranes. A
flux decline resulted from the surface modification with PLL
due to the additional mass deposited onto the active layer. In
contrast, with GO/PLL surface modification the hydrophilic
nature of GO nanosheets played an important role in
maintaining the same J,, rate as the pristine sample (Figure
10), which is in agreement with contact angle results.

A second important flux parameter for FO membranes is the
J. Economically speaking, the loss of draw solution is an

DOI: 10.1021/acsami.5b04818
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undesirable phenomenon that accelerates the onset of fouling
and scaling on the active membrane layer. As shown in Figure
10, when Milli-Q water feed solution and 2 M NaCl draw
solution was utilized, the J; of the pristine membrane was 3.5
mg/min. The J; of the grafted PLL and GO/PLL-LbL
membranes increased by 74 and 78%, respectively, due to the
significant swelling when in contact with high salt concentration
(draw solution), leading to the formation of loose structures

that accommodate salt ion diffusion®>*® along with an increase
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in ICP. In contrast, the salt rejection performance of the GO/
PLL-H was enhanced, and hence, the J; of the GO/PLL-H
declined by 63% compared to the pristine sample. Similar,
though less extreme, reverse solute flux behavior was also
observed when NaCl (5000 ppm) was used as a feed solution
with both PLL and GO/PLL-LbL membranes having increased
reverse solute flux compared to the pristine membrane, while
the GO/PLL-H membrane was 50% reduced. This is as a result
of tight active layer formation with the hybrid type modification
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and indicates that GO/PLL-H membrane modification
provides superior salt rejection ability.

3.8. Evaluation of the Membranes Antibacterial
Activity. 3.8.1. ATP Test. The level of bacterial colonisation
on fouled membranes was determined by the ATP bio-
luminescence assay test. The ATP concentration of the pristine,
PLL, GO/PLL-LbL, and GO/PLL-H membranes were 28,
14.5, 14, and 0.1 pg/L, respectively (Figure 11). These results
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Figure 11. ATP concentrations of pristine and coated membranes.

confirm that PLL, GO/PLL-LbL, and GO/PLL-H modifica-
tions have a strong biocidal effect due to the antimicrobial effect
of both PLL and GO nanosheets.””***>*7** The significantly
decreased bacterial survival on GO/PLL-H modified mem-
branes compared to the pristine and other modifications is
attributed to the synergism in the combination of a more

compact, smoother and more hydrophilic surface holding a
higher grafting density of GO nanosheets.

3.8.2. Biocidal Mechanism of GO/PLL. The superior
biocidal and biofouling resistance properties of the GO/PLL-
H-TFC membrane compared to that of the GO/PLL-LbL-TEC
and PLL-TFC type could be attributed to the presence of both
modifiers (PLL and GO) on the surface of hybrid modified
membranes, which is not the case for the LbL and PLL
modified types (Figure 12). In the hybrid membranes, both
PLL and GO have a synergistic antibacterial mechanism. PLL is
a cationic polypeptide which is considered as a superior model
for bacterial cell toxicity"” ™ in which their positive amino
groups cause electrostatic stacking at the negatively charged
bacterial cell surface and result in the formation of huge
aggregations.” This could lead in some cases to subsequent
peptide translocation, membrane fusion, lipid phase trans-
formation, and membrane lysis (Figure 12). Studies indicated
that divalent cations and the Hep I and II phosphate groups in
the bacterial lipopolysaccharide layer are critical cites for PLL
binding efficiency.”* Metabolomics analysis revealed that the
PLL stress led to the inhibition of primary metabolic pathways
through the suppression of the tricarboxylic acid cycle and
glycolysis.>

Nevertheless, the amino groups binding mechanism alone
may not be sufficient for the justification of the superior
biocidal function of the GO/PLL-H-TFC membrane. Initially,
the positive amino groups might be partially or entirely bound
to the specific cellular acceptors, resulting in the expiration of
the bacterial cells. Additionally, the GO sharp edges could
simultaneously contribute to the biocidal effect, in which they
destroy the cell membranes after partial penetration into the
bacterial cells.*® Once the GO and PLL bind and are inside the
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Figure 12. Schematic diagram illustrating the bacterial toxicity mechanism of pristine and grafted membranes.
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Figure 13. Results of accelerated biofouling experiment as a function of time in terms of (A) water flux and (B) normalized water flux of the pristine

and coated membranes.

bacterial cell membrane, different cellular enzymatic systems
could be inhibited or inactivated.

Moreover, the oxidative stress, which is a well-known
antibacterial mechanism, normally caused by nanoparticles
and particularly relevant for carbon-based nanomaterials,””* is
induced via the reactive oxygen species (ROS) generated by
GO and contributes to their antibacterial activity.”” Generally,
oxidative stress induced by GO may be generated from several
routes. In the first route, GO nanosheets directly produce ROS
which mediate oxidative stress onto the bacterial cells.” The
other route includes the indirect effect through the GO
disturbance of a specific microbial process by interrupting or
oxidizing an essential cellular structure or constituent in the
absence of ROS generation. Accordingly, GO could also oxidize
bacterial lipids, proteins, and DNA.®'

3.8.3. Biofouling Propensity of Membranes. The water flux
at a flow of 500 mL/min in the biofouling experiments for
pristine, PLL, GO/PLL-H, and GO/PLL-LbL membranes is
plotted in Figure 13A, experiments in which most of the decline
in membrane water flux is attributed to the incremental growth
of bacterial cells as a function of time. Under these conditions,
each membrane roughly maintains flux for 400 min, after which
flux steadily declines for modified membranes until the end of
the experiment while the pristine membrane suffers a sudden
flux drop at ~750 min. The normalized fluxes (J,,/J,,o) caused
by biofouling of pristine and modified membranes were given
in Figure 13B. The difference between pristine and modified
membranes maximized at 950 min and at this time all grafted
membranes showed significantly better biofouling resistance
compared to the pristine; J,/Jo of pristine, PLL, GO/PLL-
LbL, and GO/PLL-H membranes declined by 39, 27, 23, and
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20%, respectively. At the end of the experiment, at 1350 min,
the J../Jo measurements of the pristine, PLL, and GO/PLL-
LbL membranes had dropped by 60, 59, and 56%, respectively,
illustrating that these two modified surfaces did not maintain
notably improved biofouling resistance compared to the
pristine sample over extended timeframes. In contrast, the
GO/PLL-H membrane maintains relatively higher flux and only
declined by 47% of its initial flux, demonstrating improved
biofouling resistance performance. As such, these results are
consistent with ATP analysis test, in which the GO/PLL-H
membrane had the highest biocidal properties, leading to
improved biofouling resistance, and reduced the interfacial
adhesion between bacterial cells and membrane surface.
Subsequent to the biofouling experiment, hydraulic cleaning
using water at a flow rate of 1000 mL/min for 1 h allowed all
membranes to recover their original water flux values.

4. CONCLUSION

We covalently attached GO nanosheets/PLL to the surface of
FO membrane through hybrid or LbL approaches to form a
stable modified surface of GO/PLL-H or GO/PLL-LbL
membranes and tested their performance and biofouling
resistance in FO mode. The grafting method used to
incorporate GO nanosheets onto FO membrane surface played
a significant role in its salt rejection behavior. Having GO
nanosheets tightly bound to each other and to the membrane
surface, as in the GO/PLL-H case, has improved the membrane
surface morphology, smoothness, antibacterial properties, and
hydrophilicity, resulting in the bifunctional benefit of both

reduced loss of draw solution and increased biofouling
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resistance. Consequently, this easy and stable modification has
the great potential to be applied in industrial applications of FO
membrane filtration.
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