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ABSTRACT: Graphene oxide (GO) nanosheets have antibacterial properties that have been
exploited as a biocidal agent used on desalination membrane surfaces in recent research.
Nonetheless, improved strategies for efficient and stable attachment of GO nanosheets onto
the membrane surface are still required for this idea to be commercially viable. To address this
challenge, we adopted a novel, single-step surface modification approach using tannic acid
cross-linked with polyethylene imine as a versatile platform to immobilize GO nanosheets to
the surface of polyamide thin film composite forward osmosis (FO) membranes. An
experimental design based on Taguchi’s statistical method was applied to optimize the FO
processing conditions in terms of water and reverse solute fluxes. Modified membranes were
analyzed using water contact angle, adenosine triphosphate bioluminescence, total organic
carbon, Fourier transform infrared spectroscopy, ζ potential, X-ray photoelectron spectros-
copy, transmission electron microscopy, and atomic force microscopy. These results show that
membranes were modified with a nanoscale (<10 nm), smooth, hydrophilic coating that,
compared to pristine membranes, improved filtration and significantly mitigated biofouling by
33% due to its extraordinary, synergistic antibacterial properties (99.9%).
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1. INTRODUCTION

Bacterial cells can survive in severe environments, including the
extreme hydrodynamic conditions present in membrane
filtration. Under these conditions, bacteria and other microbes
form cohesive, stable biofilms on the membrane surfaces,
reducing the water permeation rate and salt rejection,1,2

hindering sustained, efficient filtration.3−5 In spite of the earlier
studies aimed at mitigation of biofouling,6,7 a practical strategy
for inhibiting biofilm formation on the membrane surface is still
needed. One type of membrane filtration process for which
fouling is one of the key bottlenecks is forward osmosis (FO).
FO is based on the osmotic gradient difference between feed
and draw solutions and has great potential to purify brackish
water or wastewater using relatively low amounts of energy.8,9

FO employs polyamide (PA) thin film composite (TFC)
membranes similar to those used in reverse osmosis, and for
both applications the inherent physicochemical properties of
the PA membranes support the adhesion of bacterial cells,
leading to the development of biofilm on the membrane

surface.10,11 The recent wave of research on the unique
attributes of biocidal graphene oxide (GO)12−15 has highlighted
an opportunity to tailor TFC membrane surface properties to
reduce biofouling.
Although GO nanosheets have been used by many

researchers to engineer the surface properties of membranes,
a practical method for attaching GO nanosheets on the
membrane surface is still considered a challenge.15−18 There
has been an explosion in research into the nearly universally
adhesive nanocoatings using catecholamine or polydop-
amine.19,20 More recent expansion of the development of
catechol chemistry based coatings has used the environmentally
friendly, cost-effective polyphenol, tannic acid (TA).21−26 For
example, Sileika et al.24 described the ability of TA to
oxidatively polymerize to form coatings in a fashion similar to
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polydopamine. At the same time, Ejima et al.21 reported the
development of a new TA coating using coordination
complexes with ferric ions.21−24 TA surface coatings created
using these techniques have demonstrated free radical
scavenging and antibacterial properties24 as well as being used
as an adhesive layer to attach other functional polymers such as
PEG, the hybrid coating used to reduce marine biofouling.26

Compared to polydopamine coatings, poly(tannic acid)
(pTA) has advantages for the commercial application of
antibiofouling coatings as it is substantially less expensive and
has partial bactericidal activity.24 However, the durability of
pTA films is problematic, ferric ion coordination complexes
being degraded by relatively mild acidity,27 and tannic acid
coatings have required a polydopamine surface primer to
strengthen attachment,21,26 so increased resilience is required
for membrane filtration applications. The stabilities of both
polydopamine28 and catechol29,30 oxidatively polymerized
coatings are significantly improved through cross-linking with
polyethylenimine (pEI). Based on this we have incorporated
GO nanosheets into an adhesive coating using both TA and
pEI. The branched pEI has an abundance of primary and
secondary amines that can react with TA both through Schiff
base and Michael addition reactions,29 promoting the oxidative
polymerization of TA.31 Additionally, pEI amine groups can
form covalent linkages to epoxide groups on GO through
addition reactions. Consequently, pEI has the capacity to cross-
link the composite material, allowing strong adhesion to the PA
membrane surface. In this work we optimize the GO
concentration in a pEI−pTA composite coating, along with
coating deposition time and draw solution concentration, using
the Taguchi method, analyze the chemical and morphological
structure of the resultant modified membranes, and evaluate
their filtration and antibiofouling performance. To the best of
our knowledge, this is the first example of the use of a TA and
pEI to make a composite coating and the first incorporation of
GO into a pTA based coating for antibiofouling applications.

2. MATERIALS AND METHODS
2.1. Materials. Graphite powder SP-1, size < 20 μm, was

purchased from Bay Carbon (Bay City, MI, USA). Hydrochloric
acid (30%), sulfuric acid (98%), nitric acid (70%), hydrogen peroxide

(30%), acetic acid (99.7%), potassium permanganate powder, tannic
acid (TA), polyethylenimine (PEI), bicine, sodium hydroxide,
potassium chloride, sodium persulfate, and phosphoric acid were
purchased from Sigma-Aldrich (Castle Hill, Australia). SW-TFC FO
membrane (HTI-first generation, Albany, OR, USA) were used in this
study. Sodium chloride (analytical grade) and sodium acetate were
obtained from Ajax Finechem Pty Ltd. (Taren Point, Australia).
Sodium nitrate and sodium dihydrogen phosphate were procured from
Merck (Macquarie Park, Australia), and May and Baker Ltd.
(England), respectively. Milli-Q water (18.2 MΩ) from an ultrapure
water purification system (Millipore, Synergy) was used in all
experiments.

2.2. Statistical Analysis. Taguchi design was used to analyze the
influence of GO concentration (μg/mL), coating deposition time
(min), and draw solution concentration (M) on the membrane
performance properties of water flux (Jw) and reverse solute flux (Js).

32

Analysis of variance (ANOVA) was employed to determine the
significance of the chosen factors by Minitab software v. 17. The
experimental matrix is presented in Supporting Information Table S1.
The optimum performance was obtained through measuring the
quality of “smaller the better” (S/NS) and “larger the better” (S/NL)
for Js and Jw, respectively, as defined according to33,34
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where n is the number of experiments and yi is the response of each
experiment.

2.3. GO Synthesis and in Situ Single-Step Surface
Modification of Membranes. GO nanosheets were synthesized
from graphite using a modified Hummers technique18 and applied to
FO membranes using the modification procedure depicted in Figure 1.
In brief, FO membranes were immersed in deionized water for at least
24 h before membrane modification. The FO membranes were then
placed with the active side facing up between a poly(methyl
methacrylate) backing plate and a neoprene gasket and topped with
a poly(methyl methacrylate) open bottom container. The setup was
clamped in place on a rocking platform (RPM5, Ratek, Boronia,
Australia) using springs. This setup was used to ensure only contact of
the active surface of the membrane to the reaction solution. The

Figure 1. Schematic illustration for the coating formation of GO-pTA-pEI on the surface of a membrane via in situ chemical modification reaction
under oxygen.
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reaction solution was prepared by dissolving PEI (2 g/L) in bicine
buffer solution (50 mM, pH 7.8). GO nanosheets, with varying
concentrations (40, 80, and 120 μg/mL), were dispersed into a
separate solution of TA (2 g/L). The two solutions were then
combined and added immediately to the reaction container. The
reaction container was oxygenated (2 L/min) and agitated at 4 rpm for
a range of deposition times, according to the experimental design
matrix, creating membrane samples with designated names GO40,
GO80, and GO120 for membranes with GO loadings 40, 80, and 120
μg/mL.
2.4. Membrane Characterization. Surface Charge and Hydro-

philicity Analysis. ζ potential measurements were performed using an
Electrokinetic Analyzer (Anton Paar, Graz, Austria) equipped with
adaptable gap cell height. The wettability assessment was done via the
captive bubble method in order to measure the contact angle using a
Data Physics Instrument (Filderstadt, Germany). The details of the
analysis procedure are given in our previous study.15

Morphological and Topographical Analysis. GO and function-
alized graphene oxide (f-GO) nanosheets, along with the cross-
sections of the pristine and modified membranes, were captured by
transmission electron microscopy (TEM; FEI Tecnai G2 Spirit
transmission electron microscope) to analyze their morphologies.35

The topographies of the membranes were analyzed by atomic force
microscopy (AFM) using NT-MDT NTEGRA SPM in noncontact
mode. To measure the dimensions of GO and f-GO nanosheets, a few
drops of GO and f-GO nanosheets dispersed in water (5 μg/mL) were
deposited on a silicon wafer (1 cm2).36

Fourier Transform Infrared Spectroscopy Attenuated Total
Reflectance and X-ray Photoelectron Spectroscopy Analysis. The
surface chemistries of GO nanosheets, f-GO nanosheets, and pristine
and modified membranes were established using Fourier transform
infrared (FT-IR) spectroscopy attenuated total reflectance (ATR) and
X-ray photoelectron spectroscopy (XPS). FT-IR ATR was conducted
using a Nicolet Nexus 8700 FTIR spectrophotometer (Thermo
Electron Corp.) equipped with a “Smart Orbit” ATR accessory. Prior
to sample analysis a background was collected, which was subsequently
subtracted from the sample spectra. In addition an automatic baseline
rectification and scale normalization were applied for all data.
Membrane samples were placed, with the active side down, on the
ATR crystal and fixed by a clamp. All sample spectra were obtained
utilizing 256 scans in the range of 400−4000 cm−1 and a resolution of
4 cm−1, and the data were manipulated using Omnic software.
XPS analysis was performed using a Kratos Axis-Ultra DLD X-ray

photoelectron spectrometer (Kratos Analytical, Manchester, U.K.)
utilizing a monochromated Al Kα X-ray source. Survey spectra were
assimilated at 160 eV pass energy; in addition to C 1s, core-level
spectra were acquired at 20 eV at a takeoff angle of 90° according to
the surface of the sample. The spectra were charge corrected via
setting the aliphatic hydrocarbon element of the C 1s at 285.0 eV and
analyzed using CasaXPS software (Neal Fairley, Wilmslow, U.K.). The
surface quantification of the pristine and modified samples was
performed using a linear background subtraction and manufacturer-
supplied sensitivity factors, which integrate the known transmission
function of the analyzer. Moreover, the curve fitting of the C 1s region
of membranes’ surfaces was accomplished using well-known Beamson
and Briggs chemical shifts.37

FO Setup for Membrane Performance Assessment. All mem-
branes including the pristine and coated membranes (surface area of
48 cm2) were assessed in FO mode, using a customized FO setup to
evaluate their performance in terms of water and reverse solute fluxes
Jw and Js and biofouling resistance. Mesh spacers (Sterlitech) were
positioned on both sides of the membrane housing. The feed solution
was Milli-Q water, and draw solutions were prepared from Milli-Q
water using various sodium chloride concentrations based on the
experimental design matrix. Both feed and draw solutions were
circulated in each experiment using a peristaltic pump with a flow rate
of 500 mL/min measured using a flow meter. The draw solution
concentration was maintained during the experiment by using a
conductivity sensor and dosing pump. The Js (mg/min) and Jw (L/(m

2

h)) were calculated according to variation of the salt concentration as a

function with time and volume change of water permeation in the feed
side, as indicated in38

=
Δ

× Δ
J

volume of permeate
membrane surface area timew (3)

Fouling of FO Membranes and Correlated Analysis. The
accelerated biofouling experimental procedure started with a cleaning
step that included 30 min rinsing with sodium hypochlorite (0.25%)
without membranes installed prior to each run, followed by rinsing
with Milli-Q water for 30 min. Subsequently, the membranes were
fitted and rinsed with Milli-Q water, which was circulated for 30 min
prior to biofouling experiments. The biofouling investigation was
performed using NaCl (2M) as a draw solution with a cross-flow rate
of 9.9 cm/s over 20 h. The feed solution was natural surface brackish
water (Mawson Lake, South Australia) mixed with nutrients (4 g of
sodium acetate, 1.2 g of sodium nitrate, and 0.4 g of sodium
dihydrogen phosphate in 2 L; C:N:P mass ratio = 100:20:10),15,39 in
order to accelerate the bacterial growth that leads to the membrane
biofouling. After an accelerated biofouling experiment the accumulated
dissolved organics on the membrane surface were analyzed using a GE
Sievers InnovOx total organic carbon (TOC) analyzer. Also, the
concentration of living bacterial cells on fouled membranes was
quantitatively measured via adenosine triphosphate (ATP) biochem-
ical assessment (Celsis Advance).40,41

3. RESULTS AND DISCUSSION
3.1. Optimization of Membrane Performance. In order

to obtain the highest water flux and lowest reverse solute flux,
optimization of the FO membrane surface modification process
was performed by applying Taguchi experimental design (Table
S1).42−44 This analysis is presented in Table S2 and shows that
the optimum surface modified membrane was graphene oxide
with medium concentration GO80-pTA-pEI, run 5, having
both the highest Jw (16.9 L/(m2 h)) and the lowest Js (0.96
mg/min). The S/N ratios of chosen factors and the
corresponding membrane response, including Jw and Js rates,
are listed in Table S3. These results reveal that the
concentration of the draw solution has the most significant
effect on membrane Jw, which can be attributed to the increase
in the osmotic gradient between draw and feed solutions. The
second most effective variable in improving Jw was the content
of hydrophilic GO nanosheets in the multifunctional coating, in
agreement with previous results.18 The f-GO nanosheet coating
rich in phenolic and amino groups promotes rapid water
permeation through the PA active layer, enhancing water
flux.18,45−48 Both these improvements are significantly different
from the controls according to ANOVA analysis with a
confidence level of 95% (Table S4).
Coating deposition time had the most influence in reducing

membrane Js, likely due to the occupation of loose ridges and
valleys of the PA active layer as the reaction progresses,15

making a smoother and compact membrane surface. This result
was shown to be significantly different from the pristine
membrane based on ANOVA analysis, and the optimized
addition of GO nanosheets also generated a significant
improvement in Js (Table S4).

3.2. Membrane Characterization. Membrane Surface
Charge. The surface charge profiles of the pristine and coated
membranes as a function of pH are presented in Figure 2A. The
ζ potential curves for all tested membranes start positive for
acidic solutions and transition to negative charge as the pH
increases, all membranes having an isoelectric point in the
range of pH 4 to pH 6. Further, all membranes except GO80-
pTA-pEI have similar ζ potential curves for pHs ≤ 4.5. For ζ
potential measurements above pH 4.5 the pristine membrane
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has clearly the most negative ζ potential compared to all other
membranes, attributable to the presence of free acid groups on
the PA surface, with a final ζ potential at pH 9 of −25 mV.49 In
comparison to the pristine sample, pTA-pEI has many phenolic
and amine groups on the surface resulting in a shift to a less
negative ζ potential for pH > 4.5. Overall the ζ potential
profiles for the pTA-pEI coating and graphene oxide with high
concentration GO120-pTA-pEI are very similar, while graphene
oxide with low concentration GO40-pTA-pEI has a less
negative ζ potential for pH ≥ 4.5 and GO80-pTA-pEI has a
higher ζ potential over the entire pH range measured.
Interestingly, the changing ζ potential does not follow the
increasing GO concentration but is the least negative for the
medium concentration. We hypothesize that the medium
concentration provides optimum distribution of GO within the
polymer matrix and suspect that higher concentration results in
GO nanosheet aggregation. Further, oxidative polymerization
of hydroxyphenyl chemistry is complex25 and is complicated
further by being conducted in the presence of pEI and GO,
relative concentrations of each component in this type of
reaction being important to the character of the final coating.
Wettability Analysis. A hydrophilic membrane surface

possesses superior ability to tightly bond water molecules via
enhanced interfacial electrostatic attractive forces. This creates a
barrier that leads to the short-term inhibition of foulant
adhesion on the membrane surface, resulting in mitigation of
membrane fouling as addressed in the literature.18,50,51 Figure
2B shows the contact angle measurements used to compare the
surface hydrophilicity of pristine and modified membranes. The
pristine polyamide membrane has a contact angle of 50°, which

is reduced to 31° by the attachment of the pTA-pEI layer.
Following on from the ζ potential results, contact angle
measurements do not follow a trend based on the
concentration of GO nanosheets in the coating. Instead, the
low and high GO content coatings yielded similar contact
angles of 26° and 28°, respectively, while the medium GO
content coating resulted in the most hydrophilic coating with
the lowest contact angle of 19°. This supports our hypothesis
that the coating reaction is optimized for filtration using the
medium concentration of GO nanosheets.

Membranes Morphology and Topography. The morphol-
ogies and topographies of GO nanosheets as well as the pristine
and the modified membranes were analyzed by TEM and AFM
(Figures 3A−N and S1). Panels A and B of Figure S1 show
TEM images of GO nanosheets, and a single unmodified GO
sheet appeared transparent, exhibiting some wrinkling. The
modified f-GO nanosheets are more easily resolved by TEM,
having clearly higher contrast due to the pTA−pEI composite
material coating the sheets (Figure S1C). This was supported
by the AFM images of GO nanosheets (Figure 3F,G) and
modified GO nanosheets (Figure 3H,I) that show their height
profile in the range of 1.5−2 nm with lateral dimensions in the
range of 200−1000 nm; hence the height of the functionalized
GO nanosheets increased by 10 times, compared to the
unfunctionalized GO nanosheets.
When the GO nanosheets are incorporated into the

membrane coating, there are changes to the cross-section
observed using TEM. The rough morphological ridge−valley
features of the unmodified PA active layer are shown in Figure
3A.52 The in situ polymerization of TA−pEI under oxygen
creates a layer of agglomerates that fill the valleys of the PA
structure (Figure 3B), making a smoother surface. Modification
with GO120-pTA-pEI results in the formation of GO
nanosheets aggregate (Figure 3C), while the GO40-pTA-pEI
coating was not sufficient to tailor the membrane morphology
appropriately (Figure 3E). It is the incorporation of the
medium concentration of GO nanosheets that enhances the
membrane morphological structure the most, creating a tighter
and smoother active layer (Figure 3D). AFM was also
conducted on the GO nanosheets and the membrane surfaces
to confirm the TEM results and quantify the roughness of the
membranes, of importance because membrane surface rough-
ness has a negative effect on its fouling resistance.15,18,50 A
rough surface increases the membrane surface area, increasing
the binding sites for bacterial cell adhesion50,53 and producing
pockets protected from hydrodynamic cleaning processes,
making cleaning of fouled membrane surfaces inefficient.53

The 3D AFM images of the pristine membrane showed that
it had a relatively rough surface with a roughness average (RA)
of 51 nm (Figure 3J). Modifying the surface of the membrane
with pTA−pEI for 30 min effectively reduced the membrane
surface roughness (RA = 34 nm; Figure 3K), indicating that the
tight agglomerates of pTA−pEI occupied the ridge−valley
structure of the PA membrane surface. The various studied GO
nanosheet concentrations (GO40-pTA-pEI, GO80-pTA-pEI,
and GO120-pTA-pEI) contribute toward achieving smoother
surface topography, compared to the pristine, as indicated by
the RA values of 33.3, 41, and 47.4 nm, respectively (Figure
3L−N). This shows a clear trend of increasing surface
roughness with increasing GO content, perhaps indicative of
GO aggregation, though all modified surfaces are less rough
than the pristine sample.

Figure 2. ζ potential profiles (A) and contact angle measurements (B).
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Surface Functional Groups. The ATR-FT-IR spectra of the
GO and f-GO are presented in Figure 4A. Characteristic bands
for GO were observed,20 such as a peak at 1510 cm−1 assigned
to the stretching vibration of carboxyl CO groups and peaks
at 1470 cm−1, 1240, and 1040 cm−1 representing -CC-,
epoxy, and C−O groups, respectively. In the spectrum for f-GO
the coating obscures some detail of key oxygen containing GO
peaks,54 possibly due to interactions and/or reactions with the
coating components. Importantly new peaks appear for f-GO at
1700, 1440, and 1200 cm−1, showing that novel chemistry is
attached to the sheets. The peak at 1700 cm−1 is attributed to
TA quinone groups, and the broadness of the peak and its
distorted shape suggest that it is also due to Schiff base (CN)
products between TA quinone groups and pEI (Figure 1).28

The peak at 1440 cm−1 can also be attributed to both TA
phenolic groups and pEI C−N groups,55 while the 1200 cm−1

peak is due to TA ester groups.54 FT-IR spectra of the pristine
and modified membranes, not presented, are all representative
of the characteristic peaks of the PA thin active layer, whereas
1663 and 1570 cm−1 represent the amide I (CO stretch) and
amide II (N−H bending), respectively, while the peak at 1609
cm−1 represents the CC stretching,18,20 with little difference
between samples. This lack of variation is due to the working
depth of the ATR technique (∼1 μm) being much deeper than
the coating thickness, and peaks due to the underlying
membrane obscure peaks of the thin coating.56

XPS Analysis. XPS analyses were used to confirm the
presence of the coating layer of GO80-pTA-pEI membrane’s
surface compared to the pristine membrane as shown in Figure
4B,C. These spectra show that the pristine membrane has
surface chemistry consistent with the PA active layer including
energy peaks for carbon, oxygen, and nitrogen (Figure 4B). The

Figure 3. TEM images of the membrane cross-sections for (A) pristine, (B) pTA-pEI, (C) GO40-pTA-pEI, (D) GO80-pTA-pEI, and (E) GO120-
pTA-pEI membranes. AFM 2D image of GO nanosheets (F), along with its height profile (G) and coated GO nanosheets (H), along with its height
profile (I). AFM 3D images of (J) pristine, (K) pTA-pEI, (L) GO120-pTA-pEI, (M) GO80-pTA-pEI, and (N) GO40-pTA-pEI membranes.
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XPS spectrum for the GO80-pTA-pEI membrane displayed
similar energy peaks, but with different ratios, nitrogen having a
significantly higher presence due to the pEI component cross-
linked with GO-pTA of the coating layer (Figure 4B). Further,
high resolution XPS of the C 1s peak (Figure 4C) shows that
the binding energies at 284, 285, 286, 287, and 288.5 eV
attributed to C−C, C−N, C−O, OC−N, and OC−O
groups, respectively, also have differing ratios between pristine
and GO80-pTA-pEI membranes. First, there is a reduction in
relative intensity for the amide functional group (OC−N)
for the modified membrane, providing evidence that there is
indeed a coating on the surface that obscures this peak, but that
the coating thickness is less than 10 nm, the depth generally
attributed to XPS analyses.25 The high resolution XPS
spectrum also shows a clear reduction in the relative
concentrations of C−C bonds and oxygenated groups relative
to C−N bonds for the modified membrane, confirming the
presence of pEI in the modified coating. pEI is an important
component of the coating matrix that firmly tethers the GO-
pTA coating to the membrane surface. This is because it can
react with GO epoxide groups though addition reactions and
with pTA through Michael addition and Schiff base reactions.
The relative increase in intensity of C−N binding energy
supports that these reactions have occurred, CN and C−N
arising under the same peak, though it is not possible to

distinguish new C−N bonds from those already contained in
the pEI.

3.3. Characterization of the Filtration Performance of
Pristine and Modified Membranes. The Jw of the modified
membrane surface with pTA-pEI and GO80-pTA-pEI were
slightly improved by 13% and 20%, respectively, relative to the
unmodified membrane (Figure 5A). This result is consistent
with the contact angle analysis, where the GO80-pTA-pEI
modified membrane showed higher hydrophilicity compared to
the pristine and pTA-pEI modified membranes. Another
significant factor in the FO process is Js, where increases in
draw solution loss are correlated to membrane scaling and
fouling on the active layer. The Js value of the pristine
membrane was found to be 4.8 mg/min, when using Milli-Q
feedwater and 2 M NaCl draw solution (Figure 5B). The pTA-
pEI and GO80-pTA-pEI (30 min) membrane coatings
significantly improved Js, reducing it by 75% and 80%, relative
to the pristine membrane (Figure 5C). The superior reverse
solute flux selectivity performance of the modified membranes
is attributed to the smooth, hydrophilic surfaces, as
demonstrated by AFM and water contact angle (WCA)
analyses, respectively.

3.4. Assessment of the Membranes’ Biocidal Activity.
Membranes Biofouling Resistance. The biofouling resistance
performances of the pristine and modified membranes were
established using a customized FO setup comprising nutrients

Figure 4. Surface functional groups profile: FT-IR spectra of GO and f-GO (A), XPS survey scan profiles of pristine, GO80-pTA-pEI membranes
(B), and high resolution curves and deconvoluted peak assignment of C 1s and atomic compositions and functional groups percent (C).
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mixed with surface water as the feed stock and a 2 M NaCl
draw solution, both operated at a flow rate of 500 mL/min for
20 h as shown in Figure 6A,B. Generally, the GO80-pTA-pEI
modified membrane displays higher flux compared to the pTA-
pEI and pristine membranes. As expected, adding nutrients to
feedwater boosted the rate of bacterial growth with time, and
consequently all membranes exhibited a relative drop in the Jw
by the end of the accelerated biofouling experiment, though the
character and extent of the decline varied. The pristine sample
exhibited a consistent decline in flux during the experiment,
resulting in a reduction in normalized flux (Jw/Jw0) of 65% after
20 h. In contrast, both of the modified membranes retained at
least their initial flux rate for approximately 10 h, after which
there was a relatively rapid rate of flux decline. This was
particularly the case for the pTA-pEI modified membrane
resulting in a final Jw/Jw0 of 72% at the end of the experiment.
The rate of flux decline after 10 h for the GO80-pTA-pEI
modified membrane was less rapid than the pTA-pEI modified
membrane resulting in a final Jw/Jw0 of only 53%. These results
show that the pTA-pEI modifications improve the biofouling
resistance of the membrane over shorter time frames,
illustrating that smoother, more hydrophilic, and more neutrally
charged surface chemistry helps in resisting microbial attach-
ment. For optimized biofouling resistance over extended time
frames, however, the synergetic effect of both the pTA-pEI and

GO nanosheets is required, the GO nanosheets providing
significant biocidal activity (Figure 6C),20 resulting in better
long-term biofouling resistance.

TOC and ATP Analysis of Biofouling. The total organic
carbon (TOC) results are shown in Figure 6D. These confirm
the flux results from the biofouling experiments showing that
the GO80-pTA-pEI (0.064 mg/L) and pTA-pEI (1.736 mg/L)
have significantly less organic fouling than the unmodified
membrane (14.8 mg/L). This is because the rougher, less
hydrophilic surface of pristine membrane provides a larger
surface area more suitable for the adherence of organic matter,
such as extracellular polymeric substances (EPS) produced by
bacteria. The trend in bacterial activity suggested by the TOC
results is supported by ATP bioluminescence assays. These
experiments were applied to determine the extent of bacterial
growth on the membrane surface subjected to biofouling
experiments, in which the ATP concentration was used as a
marker of cellular viability. The ATP contents of the pristine
and pTA-pEI membranes were 60 and 17 μg/L, respectively
(Figure 6E), illustrating the biocidal properties of the pTA-pEI
modification. The biocidal effect is attributed to the interaction
of phenolic functional groups with the bacterial cell walls and
proteins leading to chemical or physical damage (Figure
6C).57,58 Moreover, positively charged primary and secondary
amino groups of the pEI on the membrane surface could result

Figure 5. Water flux profile (A), reverse solute flux performance (B), and schematic description for biofouling behavior of pristine and modified
membranes (C).
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in partial biocidal activity upon their interaction with the
negatively charged bacterial membrane surfaces.59

The GO80-pTA-pEI modified membrane showed signifi-
cantly better antibacterial activity (ATP concentration of 0.01
μg/L), compared to both the pristine and the pTA-pEI
modified membrane. This is partially attributed to the
combined effect of the smoother and more hydrophilic surface
that contains the optimum grafting concentration of GO
nanosheets, which leads to less organic and bacterial cell
adhesion on the membrane surface. In addition, the f-GO has
its own biocidal activity60,61 due to the sharp edges of GO
nanosheets that can kill bacteria.62 Further, defects on the edges
act as sites for the production of reactive oxygen species,63

resulting in physical stress and cell membrane damage.64 Thus,
the direct interaction between the bacteria and the modified
membrane surface results in cellular degradation which impedes
the formation of biofilm, leading to a considerable reduction in
biofouling and its subsequent problems. The synergetic effect of
both pTA-pEI and GO is what provides the GO80-pTA-pEI
modified membrane with its superior long-term biofouling
resistance following the capturing and killing mechanism.

4. CONCLUSION
GO nanosheets were immobilized onto the surface of FO TFC
membranes through self-assembly and oxidative cross-linking of

biocompatible TA and pEI using a rapid, single-step protocol
from mild aqueous solution. This resulted in the formation of a
smooth, hydrophilic, nanoscale, multifunctional coating that
improved both the feed flux (20%) and reverse solute flux
selectivity (80%) compared to uncoated membrane. Most
importantly, the coating also exhibited extraordinary anti-
bacterial properties, 99.9% improved on the pristine membrane,
which contributed to significantly improved biofouling
resistance (33%). As such, this easy-to-fabricate, practical, and
environmentally friendly membrane surface modification
technique has great potential for use in tailoring surface
characteristics, not only for membrane filtration, but also for a
range of biomedical and industrial applications where
antibiofouling surfaces are desired.
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