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In this study, the influence mechanisms of graphene oxide (GO) on the membrane substrate/active layer for
improving the water flux and anti-biofouling ability of thin-film composite (TFC) membranes in forward
osmosis (FO) were systematically investigated. We fabricated a pristine TFC membrane, a TFC membrane
in which the substrate or polyamide active layer was modified by GO (TFN-S membrane or TFN-A
membrane), and a TFC membrane in which both the substrate and active layer were functionalized by
GO (TFN-S + A membrane). Our results showed that the TFN-S membrane possesses a higher water flux
(~27.2%) than the TFN-A because the substrate that contained GO could improve the porous structure
and porosity, while the TFN-A membrane exhibited a lower reverse salt flux and higher salt rejection
than the TFN-S membrane, indicating that the surface properties played a more important role than the
substrate for the salt rejection. Regarding the biofouling experiment, the TFN-A and TFN-S + A
membranes facilitated a higher antifouling performance than the TFN-S and TFC membranes after 72 h
of operation because of the greater hydrophilicity, lower roughness and facilitated higher bactericidal
activity on the GO-modified surface. In addition, the biovolume and biofilm thickness of the TFN-A and

TEN-S + A membranes were found to follow the same trend as flux decline performance. In conclusion,
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Accepted 19th February 2019 the substrate modified by GO could greatly improve the water flux, whereas the GO-functionalized

active layer is favorable for salt rejection and biofouling mitigation. The advantage of TFN-A in biofouling
mitigation suggests that the antibacterial effect of GO has a stronger influence on biofouling control
than the changes of hydrophilicity and roughness.
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1. Introduction

Forward osmosis (FO) is a membrane process that utilizes the
different osmotic pressures between the feed solution and the
draw solution as a driving force.»” In recent years, FO has
gained remarkable attention for many applications such as
desalination, wastewater treatment, pharmaceutical wastewater
treatment and food processing®® due to its low energy
consumption, high solute rejection, low concentration polari-
zation and fouling propensity, and high water recovery.”®
Thin film composite (TFC) polyamide FO membranes are
preferred in FO technology due to their higher water flux,
better solute rejection and fouling resistance compared to
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traditional FO membranes.”*® A major challenge associated
with membrane technology is the inherent trade-off between
membrane permeability and selectivity. Meanwhile,
membrane fouling inevitably limits its application, causing
membrane performance deterioration and increasing oper-
ating costs. Membrane fouling includes colloid fouling,
inorganic fouling, organic fouling and biofouling.’> Among
them, biofouling is the most difficult to control due to strong
bacterial adhesion onto the surface and sticky extracellular
polymeric substances (EPS)."* In general, biofouling is
considered to occur from a combination of four sequential
steps: (1) introduction of nutrients and bacteria in the feed
solution to the membrane surface by hydrodynamic and
diffusive transport, (2) the formation of a so-called condi-
tioning layer through adsorption of nutrients and organic
matter, (3) reversible or irreversible adhesion of microorgan-
isms onto conditioned surfaces and (4) multiplication and
metabolism of initial attachments, resulting in the biofilm.*
For the FO membrane properties, the surficial membrane
properties can affect the adhesion of microorganisms and
organic matter, whereas the membrane substrate can
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influence the internal concentration polarization (ICP), which
could accelerate the formation of biofilm.**™*°

With rapid progress in nanotechnology, intensive investiga-
tions have found that the incorporation of the functional
nanomaterials into membranes can improve the membrane
selectivity, permeability and fouling resistance. Nano-sized
materials such as titanium dioxide (TiO,), carbon nanotube
(CNT), graphene oxide (GO), and silicon dioxide (SiO,) are
typically utilized in thin film nanocomposite (TFN) membrane
fabrication because of their excellent transport characteristics,
smooth structures and easily tunable surface chemistries,
which can increase the mechanical capacity, hydrophilicity and
antifouling properties of membranes.”*** As a novel nano-
structured material, graphene oxide (GO) possesses hydrophilic
functional groups, including epoxide and hydroxyl groups on
the surface and carboxylates at the periphery, which improve
the hydrophilicity of a modified membrane.>®*** In addition,
a GO nanosheet is typically one atom thick for its nanoscale
thickness (thickness = 1-2 nm) and two-dimensional (2D)
single-layer,*>*° generating a high specific surface area. To date,
numerous efforts have been made to modify TFC membranes
using GO for the active or support layers to make them efficient
in the membrane process. Many studies have shown that the
incorporation of GO into the active layer of the TFC membrane
could result in higher surface hydrophilicity, lower rough-
ness.?”?® In addition, Menachem et al. found that GO results in
bactericidal activity through disrupting the cell membrane
when bacterial cells are in contact with GO-modified surface.>**°
For the substrate, incorporation of GO into the substrate of
a TFC membrane could enhance membrane hydrophilicity and
porosity, which remarkably improved the water flux and low-
ered the effect of ICP phenomenon.*** In addition, GO-
functionalized substrate could affects the mechanical strength
and the performance of the active layer of TFC membranes.**
Furthermore, Chae et al. reported the synergetic effect of GO
embedded in both the polyamide (PA) active layer and PSf
substrate. The results showed that the water flux and anti-
biofouling property of the reverse osmosis membrane with
GO embedded in both layers increased obviously, as compared
to the membranes with the GO only intercalated in the support
layer or active layer.*® Although several researchers have sug-
gested that incorporation of GO into active layer or substrate of
TFC membrane could improve the membrane performance in
the FO process, but limited attention has been given to the
comparison of GO influence mechanisms on substrate or active
layer, and answer which incorporation method is more effective
for improvement of water permeability or biofouling mitiga-
tion. A clear answer could provide a theoretical basis for future
practical applications. Hence, we fabricated four different
membranes via GO modification of substrate or/and active layer
to clarify the effects of GO nanoparticles on improvement of
membrane performance and biofouling resistance.

In this study, we focus on how the presence of GO nano-
materials with different loadings could alter the characteristics
of active layers and supporting substrates of the TFN membrane
and how they improve the membrane anti-biofouling perfor-
mance during the same FO process. We introduce GO into the
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TFC membrane using blending techniques and interfacial
polymerization to prepare four kinds of membranes. A charac-
terization of changes in surface properties and porous structure
imparted by GO, in conjunction with an analysis of penetrability
and anti-biofouling ability in terms of extracellular polymeric
substance (EPS), biofilm thickness and total cell counts, provide
insights into the mechanisms associated with GO.

2. Materials and methods
2.1 Materials

Polysulfone (PSf) granules were provided by Sigma-Aldrich.
Graphene oxide (GO) was purchased from Suzhou Tanfeng
Company. N,N-dimethyl formamide (DMF), Twain-80, sodium
citrate, ammonium chloride (NH4Cl, 99%), sodium hydroxide
(NaOH), potassium chloride (KCl), sodium hydrogen phosphate
(Na,HPO,), potassium phosphate monobasic (KH,PO,, 99%),
phenol, sodium bicarbonate (NaHCOj;, 99%), magnesium
sulfate heptahydrate (MgSO,-7H,0, 98%), sodium chloride
(NaCl, crystals), and normal hexane were purchased from Siong
Chemical Co., Ltd. Polyethylene glycol-600 (PEG-600), glucose
(C¢H1206), and calcium chloride hydrate (CaCl,-H,O, 99%)
were obtained from Sinopharm Chemical Reagent Co., Ltd.
Sulfuric acid (H,SO,4) was purchased from Beijing Chemicals
Co., Ltd. Tryptone and yeast extract were provided by Angel
Yeast Co., Ltd. M-Phenylenediamine (MPD) and trimesoyl
chloride (TMC) were acquired from the Aladdin Industrial
Corporation. Distilled (DI) water with a resistivity of 3.7 us cm ™"
was produced using an ultrapure water system.

2.2 The fabrication of thin-film composite membrane

In this paper, we prepared four kinds of TFC membranes and
compared them to each other. The four membranes included two
kinds of substrates (GO-polysulfone (GO-PSf) substrate and pris-
tine-PSf substrate) and two kinds of active layers (GO-polyamide
(GO-PA) active layer and traditional polyamide (PA) active layer).

2.2.1 Preparation of substrates. The substrates were
prepared using a phase inversion method. For the GO-PSf
substrate, the GO/PSf/polyethylene glycol-600 (PEG-600)/Tween-
80 with varied concentrations were dissolved in a N,N-dimethyl
formamide (DMF) solution at 70 °C and stirred for 10 h. After
6 h of degassing, the mixed solution was cast on a glass plate
using a casting knife with a 50 pm thickness, and then that glass
plate was immediately dipped into deionized water (DI) water at
room temperature. The solidified substrate was separated from
the glass plate and a flat sheet membrane was obtained. To
remove the residual solvent, the DI water was changed every
three hours for 24 h. Then, the clean membrane was stored in
DI water until use. For the PSf substrate, the only difference
from the GO-PSf substrate was that the solution excluded GO
during membrane preparation.

2.2.2 Thin-film composite active layer fabrication. A poly-
amide (PA) active layer was synthesized on the substrate using
interfacial polymerization to prepare the TFC membrane. For the
membrane with a GO-PA active layer, the substrate was soaked in
a mixed solution of 3 wt% M-phenylenediamine (MPD) and GO
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for 5 min, and then the excess MPD solution was removed using
wipes. Then, a trimesoyl chloride (TMC) solution (0.15 wt%) in n-
hexane was poured onto the substrate surface for 3 min. The
substrate was placed in an oven at 60 °C for 5 min for heat
treatment. The resulting GO-TFC membrane was stored in DI
water until use. For preparing the traditional PA active layer of the
TFC membrane, an aqueous solution without GO was used.

Four types of membranes were obtained from the combi-
nations of the two substrates and two active layers. The PSf
substrate that was made with a PA active layer using interfacial
polymerization is denoted as “TFC membrane”. The GO-PSf
substrate that was made with PA active layer using interfacial
polymerization is denoted as “TFN-S membrane”. The PSf
substrate that was made with a GO-PA active layer using
interfacial polymerization is denoted as “TFN-A membrane”.
The GO-PSf substrate that was made with a GO-PA active layer
using interfacial polymerization is denoted as “TFN-S + A
membrane”. A sketch is shown in Fig. S2.}

2.3 Membrane characterization

The hydrophilicity of the membrane surface was evaluated
using a contact angle goniometer (JC2000D2, Shanghai
Zhongchen Digital Technology Apparatus Co., Ltd) and the
sessile drop method in which the drop volume was 5 pL and
each membrane was calculated as an average of at least three
points. An atomic force microscope (AFM) (NanoSCope Illa,
Digital Instruments) was used to investigate the surface
roughness of the active layer of the TFC membranes under
tapping mode in the air. A morphological analysis of GO was
also characterized, as shown in the ESL T

The pore size and porosity of the substrate reflects the
permeability of the membrane. Pore size of the substrates were
examined by filter aperture analyzer (Beishide, 3H-2000 PB,
China). The surface tension was 17 dyn cm ' and the
membrane samples were cut to the same size (the diameter was
2 c¢m). The substrate porosity reflects the permeability of the
membrane. To measure the porosity of the substrate,
membrane samples were prepared in the size of 2 cm X 2 cm
and were immersed in ethanol for 3 h. Then, the ethanol-soaked
substrate was removed and weighed on an electronic balance
(w4, g) after the removal of excess ethanol with tissue paper. The
membrane was dried in the oven at 50 °C for 10 h and re-
weighed as w,, (g). The thickness of membrane was measured
using the thickness gauge. The substrate porosity value was
calculated according to eqn (1):

Wy — Wy

— 0
= X 10 (1)

where ¢ is the substrate porosity of the membrane, w; — w, is
the ethanol content, A,, (m?) is the effective membrane area of
the sample, p is the ethanol density (g cm?), and [ is the
thickness of membrane (um).*”

2.4 Evaluation of membrane performance

The FO test was carried out using a lab-scale cross-flow filtration
system. The effective filtration area of membrane cell was 32
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cm®. The draw solution and feed solution were NaCl solution
(2.0 M) and DI water, respectively, with identical flow rates of
8 cm s~ " to analyze the water flux and reverse salt flux. The water
flux and reverse salt flux of the prepared membranes were
evaluated in FO mode (active layer faces to the feed solution). All
experiments were conducted at a room temperature of 25 4 2 °C
and in triplicate runs. The water flux (Jy, L m > h™' (LMH))
through the membrane was obtained by measuring the weight
change of the feed solution (Am) which passed through the
effective surface area (4,,, m?) of the membrane:
Am

Jw = 2
Py Amt [ )

where p,, is the density of the water and ¢ is the interval of time
(the specific time period of the experiment). The reverse salt flux
(Jo g m > h™! (gMH)) from the draw to the feed solution was
determined by:

J. = VG =G (3)

A At

where C, is the salt concentration, V; is the feed volume at time ¢,
Vo and C, are the feed volume and the salt concentration at the
starting time, respectively.

To calculate membrane salt rejection, the membranes were
studied with an RO system by filtering NaCl (10 mM) aqueous
solutions under an operating pressure of 0.5 MPa. The resulting
permeate that was collected as the output was tested using
a conductivity meter. The rejection percentage was calculated
using:**

L C
Salt rejection (%) = < - gp) x 100% (4)
f
where Cy is the concentration of the feed solution, and C, is the
concentration of the permeate solution.

2.5 Antimicrobial activity of membranes

To accurately determine the biofouling mitigation potential of
TFC and the modified membranes, dynamic biofouling assays
were conducted in a foresaid FO unit, and the temperature was
maintained at 25 °C throughout the filtration process. Before
the formal experiment, the operation system was disinfected
with a recirculation of 75% ethanol for 2 h and was then
recirculated 3 times using DI water. Synthetic wastewater was
used as the feed water with a composition as follows: 1.2 mM
sodium citrate, 0.8 mM NH,CI, 0.5 mM NaHCOj;, 0.2 mM
K,HPO,, 8.0 mM NaCl, 0.2 mM CacCl,-H,O and 0.15 mM
MgS0,-7H,0,* where the conductivity is 1378 us/cm and pH is
7.2. Pseudomonas aeruginosa (P. aeruginosa) was cultivated to
simulate biofouling, and the initial bacterial concentration of
the synthetic wastewater was prepared to be 5 x 107 cells per
mL. The NaCl solution was used as the draw water, the
concentration adjusted to achieve an initial water flux of ~12
LMH for all membranes. A digital balance connected to
a computer was used to automatically record the changes in
water flux. For each membrane, biofouling experiments and
blank experiments (without foulant) were executed for 72 h
continuously. The blank measurements were carried out to

This journal is © The Royal Society of Chemistry 2019
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quantify the water flux reduction due to the adsorption of
compounds in the feed solution and the decrease in osmotic
pressure caused by draw solution dilution and feed solution
concentration.

2.6 Characterization of membrane foulants

To understand the role of GO in biofouling mitigation, the
membrane was removed from the cell after 72 h of filtration and
was stained for CLSM analysis. Membrane coupons (1 cm?)
were cut from the biofouled membrane, were stained with SYTO
9 and propidium iodide (PI) and were subsequently incubated
in the dark for 30 min. The staining solution was removed and
the membranes were rinsed twice with PBS before being
mounted on a microscopic slide for confocal laser scanning
microscopy (CLSM, 710, ZEISS, Germany). Biofilm thickness
was quantified at an interval of 0.45 mm by acquiring z-stacks in
which three different fields of view were obtained at random
orientations for each image, as demonstrated in our previous
work." Live (green) cells and dead (red) cells were counted with
the Image] cell counter plugin.*

Adenosine triphosphate (ATP), EPS and total organic carbon
(TOC) analyses of the fouled membrane surfaces were per-
formed after the biofouling operation. Before analyzing for the
above contents, a 2 cm X 8 cm membrane segment was
immersed in 10 mL of NaOH (1 M) and sonicated for 30 min to
remove the attached biofilm and was then placed in a refriger-
ator at 4 °C for 24 h. ATP was determined using the Bac Titer-
glo™ Substrate/Buffer (Promega, USA). EPS on the surfaces of
the membranes was measured using the plate count method
and phenol/sulfuric methods. The TOC content was measured
using a TOC analyzer (TOC-L CPN, Shimadzu, Japan). More
details are available in our previous studies.**

3. Results and discussion

The incorporating concentrations of GO into the substrate and
active layer were systematically optimized, and 0.15 wt% and
100 ppm were chosen as the optimal dosage for the substrate
and active layer modification, respectively. The nature and
characteristics of commercial GO are shown in the ESI
(Fig. S17).

3.1 Characterization of GO functionalized membranes

The contact angles of the substrates and both the composite
membranes are systematically compared (Fig. 1 and Table 1).
The contact angle of the PSf substrate was 80 + 6°, whereas that
of the GO-PSf substrate decreased to 69 £ 3°, indicating that the
hydrophilicity of the GO-functionalized substrate was higher
due to the abundant hydroxyl and epoxide functional groups of
the GO. Additionally, a more hydrophilic active layer of the TFC
membrane was obtained after synthesis of a polyamide layer on
the substrate. The GO-functionalized TFN membranes exhibi-
ted lower values than the traditional TFC membrane. In more
detail, the TFN-S membrane exhibited a lower contact angle
than pristine TFC membrane, although they had the same PA
active layer. This may be because the porous substrate surface

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 The contact angle and mean pore size of PSf and GO-PSf
substrates.

could affects the formation of microstructure of PA layer, and
the microstructure of PA layer will further affects the contact
angle.” Compared to the TFN-S membrane (56°), the TFN-A
membrane shows a lower value (41°), illustrating that the
incorporation of GO into the active layer increased the hydro-
philicity more significantly than adding GO into substrate. The
results of the mean pore size and porosity of the pristine and
GO-functionalized membranes are shown in Fig. 1 and Table 1.
For the mean pore size, GO-PSf substrate exhibits a larger pore
value (95.5 nm) than the pristine-PSf substrate (74.6 nm). In
general, hydrophilic GO could increase the thermodynamic
instability between the polymer and the solvent, which resulted
in membranes with larger pore sizes.>**** Regarding the porosity
of the membranes, the TFC and TFN-A membranes that had
pristine substrates exhibited similar porosities of nearly 36%,
whereas the TFN-S and TFN-S + A membranes with the GO-
blended substrates had higher porosities of nearly 55%. The
higher porosity occurs because the casting solution with the
added hydrophilicity of GO could be desolvated faster in water
during phase inversion.*” The roughness profile of the surface
layers (Table 1) showed that the surface roughness of the four
membranes decreased in the order TFC > TFN-S > TFN-A > TFN-
S + A with root-mean-square (RMS) values of 112 nm, 93.8 nm,
77.3 nm and 70.6 nm, respectively. More details, TFN-S
membrane with a larger surface pore size and higher porosity
has a lower roughness than TFC membrane. This is because the
more hydrophobic PSf substrate makes it easier to form
a convex meniscus of the MPD solution in the pores than the
GO-Psf substrate, resulting in a larger surface roughness. In
addition, the smaller pore sizes of the PSf substrate could
further increase the roughness of the surface.** For the TFN-S
and TFN-A membranes, the results suggested that the incor-
poration of GO into the PA layers, instead of the substrate,
caused a more dramatic reduction in surface roughness.
Therefore, we conclude that GO modification of an active layer
made a great contribution to the membrane surface properties
in terms of roughness and hydrophilicity, whereas modification
of substrates had a more important influence on the membrane
porosity. Among these membranes, the TFN-S + A membrane

RSC Adv., 2019, 9, 6502-6509 | 6505
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Table 1 Membrane properties of pristine TFC and TFN membranes
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Contact angle

Parameters of TFC membranes (°) Porosity (%) RMS“ (nm) R, (nm) Rinax/10° (nm)
TFC 65+ 8 36+7 112 + 13 91.4 +3 79.5+7
TFN-S 56 £5 55 + 13 93.8+5 729+ 9 74.3 £ 16
TFN-A 41+ 6 34+9 77.3 £11 61.7 £ 6 57.2 £ 11
TFN-S + A 36 £4 53+6 70.6 + 8 54.6 + 4 52.8 +7

@ RMS is the root mean square of roughness. ? R, is the representative average roughness. © Rpay is the representative maximum roughness.

Table 2 Performance of the different membranes

Membrane types TFC TFN-S TFN-A TFN-S + A

Water flux, (LMH) 15.6 285 22.4 31.8
Reverse salt flux, (gMH) 15 12 9 9

Salt rejection, (%) 83.2 90.5 93.6 94.1
1.0 iy TFC
—o— TFN-S
0.9 —A— TFN-A
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= 08|
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Fig. 2 The normalized water flux profile of the pristine and modified
membranes during 72 h biofouling experiments.

with both the substrate and active layer functionalized by GO
possessed highest hydrophilicity and porosity.

3.2 Impact of GO on the membrane performance

The performance of the TFC, TFN-S, TFN-A, and TFN-S + A
membranes in terms of water flux and salt rejection are shown in
Table 2. We observed that the GO-functionalized membranes
showed significantly improved water flux and salt rejection ob-
tained from the FO and RO operating system, respectively. The
improved water flux and salt rejection of the prepared membrane
is probably due to the embedded GO exerted effects on the
membrane structure, hydrophilicity and roughness. Moreover, the
water flux of the TFN-S membrane was ~27.2% higher than that of
the TFN-A membrane, due to the higher porosity of the PSf-GO
substrate. Also the higher roughness of the TFN-S membrane,
compared with TFN-A membrane (Table 1), caused an increase in
the filtration area for water transport.* This result indicates that
the improvement in pore structure of TFC membrane is more

6506 | RSC Adv., 2019, 9, 6502-6509

important than the effect of improved surface hydrophilicity on
water flux. Generally, the loss of draw solution is an undesirable
phenomenon that accelerates the flux decline rate, causing
concentration polarization and promoting membrane fouling
during practical applications.*® The TFN-A membrane exhibited
a lower reverse salt flux (33.3%) and higher salt rejection than the
TFN-S membrane, indicating that the GO-functionalized active
layer provides higher solution selectivity for the TFN-A membrane
and the surface properties played a more important role than the
substrate for the salt rejection.
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Fig. 3 Total ATP, EPS and TOC concentration variation on the
membrane surface upon biofouling of four membranes. (a) Repre-
sentative the ATP concentration of the membranes; (b) representative
the EPS and the TOC concentration of the membranes.
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3.3 The anti-biofouling properties of GO functionalized
membranes in forward osmosis

3.3.1 Permeate flux reduction associated with biofouling.
The blank experiments of the four types membranes were
measured in the filtration of 72 h as Fig. S2.7 The baseline for
the TFC and TFN membranes following the declining order TFC
> TFN-S > TFN-A > TFN-S + A. For the biofouling resistance
experiments, the normalized flux of the TFC, TFN-S, TFN-A, and
TFN-S + A membranes decreased to 0.38, 0.42, 0.57, and 0.65,
respectively (Fig. 2). Obviously, lower flux declines were
observed for the TFN-A and TFN-S + A membranes, indicating
that GO modification of the membrane surface has a significant
effect on biofouling mitigation. This is due to the stronger
hydrophilicity, smoothness and morphologic properties of GO-
modified membrane surfaces (Fig. 1 and Table 1), which
reduced the adhesion of bacteria and nutrients. In addition, the
antimicrobial activity of GO could reduce the cell viability, then
inhibit the formation of biofilm on the membrane.” In
contrast, compared with the TFC membrane, the TFN-S
exhibited a negligible difference in the water flux behavior.
This result indicates that the modification of the support layer
with GO for TFC membrane has little effect on biofouling
control. The result also shows that only changing the hydro-
philicity and roughness of the membrane surface has no
significant impact on biofouling mitigation.

3.3.2 Analysis of the biofilm composition. Generally, the
formation of a biofilm on the surface of the membrane
contributes to a decrease in membrane permeation flux. To
more deeply understand the biofilm properties, the biofouled
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membranes of both pristine and GO modified TFC membranes
were characterized by EPS, TOC and ATP analyses.

The cell viability on the fouled membranes was assessed using
the ATP bioluminescence assay test. The ATP concentrations on
the pristine TFC, TFN-S, TFN-A and TFN-S + A membranes were
453, 426, 267, and 241 pug cm >, respectively (Fig. 3(a)). These
results confirmed that the GO-modified active layer of the TFN-A
and TFN-S + A membranes have a strong anti-biofouling ability
from the combined effects of anti-adhesion from the bacteria
during the early stage of biofouling®® and the bactericidal effect at
the later stage of biofouling.** Furthermore, as shown in Fig. 3(b),
the EPS concentrations for proteins and polysaccharides on the
different membrane surfaces followed the descending order of
TFC > TFN-S > TFN-A > TFN-S + A, which was consistent with the
results of normalized flux. In addition, the TOC concentrations
on the four membranes were analyzed to determine the organic
carbon on the membranes after biofouling formation. TOC
concentrations were drastically reduced after modification of the
active layer with GO. Our results demonstrate that the develop-
ment of anti-biofouling TFC membranes with the active layer
modification benefit from the physicochemical and biological
properties of GO.

3.3.3 Biofilm thickness and total cell counts
membranes determined by CLSM. To obtain information
regarding biofilm properties, biofouled membranes were char-
acterized using confocal microscopy. The amount of live and
dead cells in the biofilm were stained with fluorescence labeling
and evaluated using Image], respectively. Fig. 4 represents the
three-dimensional structure of the biofilm before and after the

on the

functionalization of TFC membranes with GO nanosheets. Both

Fig. 4 The epifluorescence microscopy images of P. aeruginosa cells on four membranes after 72 h filtration. (a) Representative the TFC
membrane; (b) representative the TFN-S membrane; (c) representative the TFN-A membrane and (d) representative the TFN-S + A membrane,
(the glare area was the overlapping parts of the dead cells and the live cells).
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Fig. 5 (a) The biofilm thickness (the error bars represent the standard
deviation of three independent measurements); (b) the total counts of
stained cells of four fouled membrane.

live (represented in green) and dead cells (represented in red) on
the fouled surfaces were stained and observed. We can clearly see
that there were more cells on the pristine TFC and TFN-S
membranes than on the TFN-A and TFN-S + A membranes.
Specifically, more dead cells were present on the TFN-A and TFN-
S + A membranes (Fig. 4(c and d)), consistent with the results of
ATP described above. These results indicate that direct contact
with the GO could strongly inhibit bacterial growth.

As shown in Fig. 5(a), the biofilm thicknesses on the TFN-A
(37 pm) and TFN-S + A (36 um) membranes were obviously
thinner than those on the TFC (56 pm) and TFN-S (50 pm)
membranes. This result was mainly attributed to the bacteri-
cidal effect and hydrophilicity of GO nanosheets on the
membrane surface, which reduced the cell viability and lowered
the adhesion ability of microorganisms.** Furthermore, total
cell numbers associated with the TFN-A and TFN-S + A
membranes are remarkably lower than those associated with
the TFC and TFN-S membranes, and the cell viability inside the
biofilm of the TFN-A and TFN-S + A membranes are consider-
ably lower (Fig. 5(b)). In conclusion, biofilm formation on
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modified membranes was significantly inhibited by the incor-
poration of GO into PA active layers. The mechanism of this
effect is ascribed to the presence of defective edges on the GO
nanosheets that provide active sites for the generation of reac-
tive oxygen species that cause stress and result in damage to the
bacterial cell membrane.®*** Therefore, direct contact between
the bacterial cells and the membrane surface can end in cellular
lysis and subsequently, the impedance of biofilm establishment
leading to a significant reduction of biofouling. We draw the
conclusion that the addition of GO into the active layer (TFN-A,
TFN-S + A) played a key role in mitigating biofilm development
on the TFC membranes.

4. Conclusions

In this paper, the effects of GO on the substrate and active layer
of TFC membranes were systematically studied. Both a pristine
TFC membrane and GO-functionalized membranes (TFN-S
membrane, TFN-A membrane and TFN-S + A membrane) were
fabricated and characterized. Then, performance and anti-
biofouling ability were compared using an FO system. Our
conclusions are summarized as follows:

(1) TFN-S membrane with GO functionalized substrate
improves water flux more effectively than active layer modified
TFN-A membrane, suggesting that the improvement in pore
structure of TFC membrane is more important than the change
of surface hydrophilicity to the water flux. On the other hand,
the TFN-A membrane exhibited a lower reverse salt flux and
higher salt rejection than the TFN-S membrane, indicating that
the active layer plays a dominant role for selectivity.

(2) For the biofouling mitigation, TFN-A membrane with
stronger hydrophilicity, lower roughness properties could
reduce the adhesion of bacteria and nutrients. More impor-
tantly, the antimicrobial activity of GO reduces the cell viability
and then alleviating the formation of biofilm on the membrane.

(3) Compared to the TFN-S membrane, the TFN-A membrane
reduced the flux drop by 15% and had a lower total cell count,
EPS and ATP. This advantage of TFN-A in biofouling mitigation
suggests that the antibacterial effect of GO has a stronger
influence on biofouling control than the changes of hydrophi-
licity and roughness.
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