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Abstract Recently, there is a high demand for development of polymeric mem-
brane for their widespread technological applications. Polymer blends incorporation
with inorganic composite particles is the most effective strategy for obtaining anti-
fouling, antibacterial, gas and water permeable membrane materials. However, their
biological and surface properties are always hindered by the inefficient interaction of
filler into polymer matrix because it is distributed into the bulk membrane matrix. In
this study, graphene oxide nanosheets are incorporated with metal (Ag)/metal oxide
(ZnO) composite filler (MGO) followed by surface modification with quaternary
cetyltrimethylammonium bromide (CTAB) to enhance non-covalent interactions
between filler and poly methyl methacrylate (PMMA)/polyethylene glycol (PEG)
blend membrane. The membrane was utilized for improving antifouling, antibacte-
rial and gas permeability of membrane. Our results indicated that CTAB-modified
filler (CTAB @MGO) was bonded to the polymer blend membrane without affecting
the membranes’ physicochemical properties. The prepared CTAB@MGO-PMMA/
PEG membrane showed excellent antibacterial property against model Escherichia
coli bacteria. The antifouling activity and CTAB stability results of modified blend
membrane ensured reduced bovine serum albumin adsorption and slow dissociation
of surfactant molecules, respectively. The CTAB @ MGO-PMMA/PEG blend mem-
brane also showed promising gas permeability results with hydrogen (H,), nitrogen
(N,) and carbon dioxide (CO,). The presented approach highlights the potential of
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surface modification of filler and introduces them in polymeric membrane as a sim-
ple, easy and cost-effective strategy for preparing antifouling and gas/water perme-
able polymeric membranes.

Keywords Metallic graphene oxide - CTAB - Surface modification - Antifouling -
Antibacterial - BSA adsorption - Gas permeability

Introduction

Recently, there is a high demand for development of polymeric membranes for their
widespread biomedical and environmental applications, such as filter/water/gas
permeable membrane, adsorption of contaminants, biomedical surgical tools, bio-
implant materials, optical display, energy materials and food packaging [1-7]. One
of the major issues that hinders performance and restricts the application of poly-
meric membranes is their fouling and nonspecific microbial adsorption (bacteria) [8,
9]. There have been few approaches employed to minimize the membrane fouling,
which includes pre-chlorination of the feed solution [10], UV-induced grafting [11],
surface modification/grafting [12, 13], incorporation of inorganic additives in poly-
mer [14] and blending modifications [15, 16]. All the above-mentioned approaches
are shown to be highly effective to improve the performance of the polymeric mem-
branes. However, a few of the methods are energy consuming, require complex pro-
cedures and produce toxic by-products [17]. Among these, use of polymeric blend
membrane incorporated with inorganic composite particles is the most economic
and effective strategy to enhance the mechanical, thermal and antibacterial proper-
ties [18]. Additionally, inorganic composite particle in polymer blend membranes
can improve water/gas permeability and selectivity in separation applications [19].

Therefore, synthesis of polymer blend hybrid membrane with tailored morpho-
logical, mechanical and physico-chemical characteristics is a robust approach and
easy to scale up for efficient innovative applications. Despite many advantages,
there are challenges to prepare blend membrane with inorganic additives, such as
uniformity in physico-chemical properties and degradation of polymers through
oxidation upon dispersion of additive and inorganic particle [20, 21]. Hydrophobic
polymer, such as poly (methyl methacrylate) (PMMA) is easily miscible with poly
(ethylene glycol) (PEG) domains (up to 30% PEG content). PEG has inherent pore-
forming ability, hydrophilicity (polar nature) that plays a major role for its suitabil-
ity in polymer blend membrane applications [1, 8]. PMMA/PEG blend membrane
combinations have been demonstrated to exhibit excellent biocompatibility, gases
permeability and selectivity due to van der Waals interactions between PMMA and
PEG [8, 22]. Further, inorganic particles and their nanohybrids/composites, such
as silver (Ag), zinc oxide (ZnO), graphene oxide are utilized for their antibacterial,
antifouling, gas and water permeability applications [23-27].

Recently, surface modification of filler through either chemical grafting or physi-
cal adsorption is used to improve the interaction between filler (inorganic particles)
and polymers, which resulted in a uniform dispersion of filler in polymer matrix
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[28-30]. In physical modification, chemicals such as organic acids, surfactants are
used to modify the surface properties of filler through electrostatic and van der
Waals interactions between polar groups of the chemical and polymer moieties [29].
The use of surfactant-modified filler in polymers has several advantages, such as
slow release of free surfactant molecules to minimize the toxicity in the environ-
ment and also prevent filler-induced degradation of polymer [31, 32]. CTAB is a
ammonium-based compound and uses as a biocidal agent and plays a promising role
in development of self-sterilized hybrid polymer membrane [31, 33, 34]. However,
use of nanohybrid combination of organic—inorganic fillers, such as graphene oxide
and metal/metal oxide into polymer, has not yet been explored. Use of such poly-
mers has the potential for synthesizing antibiofouling membranes using a robust and
environmentally friendly alternative method for gas/water permeability and other
environmental- and biomedical-related applications.

Therefore, in this work, surface modification of graphene oxide with metal (Ag)/
metal oxide (ZnO) filler combination (MGO) was carried out using CTAB and dis-
persed metallic Ag/ZnO-reduced graphene oxide (MGO) into PMMA/PEG blend
membrane. The effect of CTAB-modified MG in PMMA/PEG blend membrane
(CTAB@MGO blend) was studied with respect to their structural and thermal prop-
erties. The biological properties, such as antibacterial and antifouling activity of
CTAB @MGO-PMMA/PEG membrane were studied against Escherichia coli strain
as a model microorganism. The gas permeability of CTAB@MGO blend membrane
was tested with H,, N, and CO, gases.

Materials and methods
Materials

All chemicals used in this study were of analytical grade and used without further
purification. Poly methyl methacrylate (PMMA, M,, 350,000 g/mol) and poly eth-
ylene glycol (PEG Bio Ultra, 4000 M,, 3500-4500 g/mol), silver nitrate (99.00%
purity), cetyltrimethylammonium bromide (CTAB), ammonium hydroxide and
bovine serum albumin (BSA) were obtained from Sigma-Aldrich, Germany. Dime-
thyl sulfoxide (DMSO) was procured from AppliChem, and zinc acetate dehydrate
was obtained from Merck, Germany. Luria-Bertani broth (LB-broth) and Luria-Ber-
tani agar (LB-agar) were obtained from Difco (MI, USA). Wild-type E. coli DH5«
strain was used as model bacterial cells for antifouling and antibacterial study.

Synthesis of metallic Ag/ZnO-reduced graphene oxide (MGO)

Graphene oxide (GO) gel was prepared by suspending 30 ml of 1 mg/ml GO sealed
in a 50 ml Teflon-lined autoclave chamber placed in an oven at 180 °C for 6 h.
The autoclave was allowed to cool down to room temperature. In a separate reac-
tion, 45 ml of 0.168 M AgNO; and 90 ml of 1 M Zn(COOCH;), solutions were
mixed. The resulting mixture was further added with appropriate amount of ammo-
nium hydroxide solution (28 wt%) under vigorous stirring until a clear solution of
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coordination compound of ([Zn (NH3)4]2+/[Ag (NH;),]") appeared in the reaction
mixture. The GO gel was then suspended in 40 ml of ([Zn (NH,),]**/[Ag (NH;),]")
solution, and the mixture was heated to 70 °C under vigorously stirring for 1 h. Thus
obtained metallic GO gel was heated in a furnace at 750 °C for 2 h in inert atmos-
phere for the thermal annealing. The detailed synthesis procedure is as illustrated
in Scheme 1. As-synthesized metallic Ag/ZnO-reduced graphene oxide (MGO)
was later subjected to characterization by scanning electron microscopy (SEM,
Leo Supra 35VP), XRD and Raman spectroscopy (Renishaw in Via Reflex Raman
microscopy with a laser of 532 nm in the range 450-3000 cm™).

Immobilization of CTAB on MGO

For the immobilization of CTAB on MGO, a mass ratio of 8:1 (CTAB:MGO) was
mixed in DI water and subjected to sonication for 30 min under continuous stirring.
The resulting mixture obtained was washed thrice with DI water and dried at room
temperature. CTAB-immobilized MGO (CTAB@MGO) was later characterized by
SEM, Fourier transform infrared spectroscopy (FTIR Thermo scientific Nicolet™
1S™10), zeta potential (Malvern instruments, UK) and Thermogravimetric analyzer
(TGA, Netzsch STA 449 C, Germany) analysis.

Preparation of blend membrane

Four different combination of polymeric blend membranes, such as PMMA/PEG
neat, PMMA/PEG/CTAB (CTAB blend), PMMA/PEG/MGO (MGO blend) and
PMMA/PEG/CTAB @MGO membranes were prepared by solution casting method.
The detailed composition of each blend membrane is given in Table S1 (SI). Briefly,
first PMMA/PEG (12 g/4 g) was dissolved in DMSO (84 g) under continuous stir-
ring and obtained the homogeneous blend solution. Secondly, a pre-weighed amount
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Scheme 1 Schematic diagram showing sequential reaction steps during the synthesis of metallic Ag/
ZnO-reduced graphene oxide (MGO) membrane that is designed for its application in antifouling/anti-
bacterial properties
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of MGO and CTAB@MGO was uniformly dispersed in DMSO through sonication
and further mixed with polymer blend solution under continuous stirring at 60 °C
for 12 h followed by degassing in a desiccator, respectively. The solutions were
casted in petri dishes, separately, and solvent was evaporated at 40 °C under standard
conditions. Further, neat PMMA/PEG and CTAB blend membranes were prepared
separately using above-mentioned procedures and considered as control membranes.

Blend membrane characterizations

Thermal stability of blend membranes were analyzed by TGA analyzer (Netzsch
STA 449 C thermo-microbalance with TG resolution of 0.1 pg) at 10 °C/min in air
(flow rate 30 ml/min) from 25 to 600 °C. Differential scanning calorimetry (DSC-
Q2000 TA instruments, USA) characterization was performed from — 50 to 200 °C
at 10 °C/min under nitrogen flow (rate 50 ml/min). The surface morphology of the
membrane was studied by optical micrographs (Carl Zeisis microscope) and SEM
(Leo Supra 35VP) analysis. The samples were coated with gold metal at a voltage of
0.04 V/Q using Cressington sputter coater 108/SE before SEM imaging. FTIR and
Raman spectra of membrane samples were recorded using Nicolet iS10 FTIR spec-
trometer (600—4000 cm™~! with 4 cm™! resolution) and Renishaw in Via Reflex spec-
trometer (laser wavelength 532 nm with 5 cm™! spectral resolution), respectively.

Antibacterial activity of blend membranes

The antibacterial activity of the blend membrane samples was measured against E.
coli DH5a strain by measuring their growth and cell viability. For this, fresh cells
were cultured in a LB-broth at 37 °C and harvested by centrifugation at 10000 rpm
for 1 min. The cells were washed thrice with PBS (phosphate buffer saline, M=0.01,
pH=7.4) to ensure removal of all nutrients from the broth. The cells were re-sus-
pended in PBS and the cell concentration adjusted to an approximate 10% cells/ml.
Blend membranes used for antibacterial studies were first washed with de-ionized
water to remove loosely bound precursors and dried at 50 °C in a vacuum oven.
The clean blend membranes were subjected to UV sterilization for 25 min. The spe-
cific size of membrane coupons (active surface area=0.5 cm?) were cut out from
each blend membrane samples in replicates for antibacterial studies. These con-
trol and test blend membrane coupons were placed in wells of 96-well microtitre
cell culture plates in replicates (n= 3). Bacterial cell suspension (10® cells/ml) was
then inoculated across the 96-well cell culture plates that had a transparent bot-
tom (BRANDplates®) allowing to measure the absorbance spectrophotometrically.
The cell culture plate was then incubated at 37 °C, and the growth of the cells was
recorded every 10 min interval for 10 h at 600 nm using Synergy HTX multimode
microplate reader (Biotek).

Further, agar plate experiment was conducted to measure the antibacterial
effect of blend membrane samples on E. coli. Briefly, each type of membrane
coupons with 6 mm diameter was placed into Luria-Bertani (LB) broth and incu-
bated at 37 °C for 12 h. Here, the blend membranes were overlayed on an LB-agar
surface unlike suspension in liquid medium and incubated with E. coli culture
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solution. The cleared zones formed around the disks were measured manually for
antibacterial activities of the membrane coupons.

Antifouling studies of blend membranes

For the antifouling experiment, bacterial culture and dilution was prepared using
the same method as described for antibacterial studies. SEM imaging was per-
formed to understand the antifouling effect of bacterial cells’ attachment on
CTAB@MGO blend membrane and control blend membrane samples. For this,
membrane coupons with 1-cm? area were cut from already washed, rinsed and
sterilized blend membrane samples. These coupons were immersed in PBS con-
taining 10® cells/ml bacterial suspension and incubated on a rotary shaker at
37 °C for 12 h. Membrane coupons were fixed prior to SEM imaging using 1%
(v/v) glutaraldehyde solution at 4 °C for 30 min, followed by subjecting to eth-
anol dehydration steps with 30, 50 and 90% ethanol, respectively, and dried at
room temperature.

Antifouling studies of blend membrane were also carried out by testing the
adsorption of protein on blend membrane samples. For this, membrane coupons
with 6 mm diameter were cut and washed thoroughly with PBS several times. The
membrane coupons were transferred to 1 ml of BSA solution (1 g/l in 0.5 M PBS),
and the solution was shaken at 25 °C for 8 h with shaking rate 120 rpm. The BSA
solution without membrane coupon was also kept under identical conditions which
is considered as a control. The concentration of BSA before and after adsorption
with membrane coupon samples was determined by measuring the optical density of
solution at 280 nm using Synergy HTX multimode microplate reader (Biotek).

Gas permeability measurement of blend membranes

The permeability of hydrogen (H,), nitrogen (N,), and carbon dioxide (CO,) was
carried out with blend membrane samples in the pressure range between 8 and
10 psi at room temperature. The Fick’s formula was used to calculate the perme-
ability of gases as shown in Eq. 1:

_ KXxdxs

Ap Xt M

where K is cell constant, d is the thickness of the blend membranes, s is displace-
ment of mercury (Hg) slug in U-tube of gas permeability setup, Ap is pressure
gradient and ¢ is the time taken in displacement of Hg slug level. The unit of gas
permeability is expressed in barrer (1 barrer=10"'" cm?® (STP) cm/cm? s cm-Hg).
Membrane blends were stabilized for at least 1 h at 10 psi and triplicate measure-
ments were taken for statistical analysis. The detailed schematic diagram of gas per-
meability setup is given elsewhere [35].
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Results and discussion
Characterization of MGO

Metallic Ag/ZnO-reduced graphene oxide (MGO) was prepared by hydrothermal
method. Raman spectrum of control GO and MGO (test) is shown in Fig. la. The
absence of defects band (D-band) in Raman spectra of MGO as compared with GO
confirmed the deposition of Ag/ZnO heterostructures over reduced graphene oxide
(rGO) layer with negligible defects in graphene nanostructure, which is consistent
to a previous report [36]. SEM images confirmed the presence of bi-metallic Ag/
ZnO heterostructures decorated on rGO sheets in MGO (inset Fig. 1a). The phase
structure of MGO was analyzed by XRD, and the XRD peaks corresponding to Ag,
ZnO and rGO in MGO were observed (Fig. 1b). The XRD profiles of as-synthesized
MGO indicated the presence of Ag with peak (111), (200) and (220) (JCPDS refer-
ence code 01-087-0717), and ZnO peaks were observed at (002), (101) and (004)
(JCPDS reference code 79-0208) were consistent with earlier reports on bi-metallic
nanostructures [37]. The shoulder hump around at #~25" was assign to the rGO
structure.

Immobilization of CTAB on MGO

The CTAB immobilization on MGO resulted in a rugged paper of graphene like
structure on MGO giving rise to a characteristic morphology of CTAB@MGO
structure (Fig. 2a). The surface modification of MGO with CTAB was further
analyzed by FTIR (Fig. 2b) and the FTIR spectra of CTAB@MGO showed char-
acteristics peaks of both MGO hybrid and CTAB molecules that includes stretch-
ing vibration and C—H bending vibration (1470 cm™Y), C=O0 stretch (1635 cm™)),
secondary N-H group stretching (3014 cm™'), CH, symmetric and antisymmetric

(A) (B)
B Zno —— Graphene Oxide (GO) —MGO
A MGO ZnO(101)/Ag(111)
X W Ag(311)
- - Zn0(004
S S nO(004) ‘)\g
s & Ag(220)
> >
b -
® D Zn0(002)
5 5
k= b= GO
- D-Ba Al — -
: i I& 50 30 T_
T T T T T v T T T T T T T
300 600 900 1200 1500 20 40 60 80
Raman shift (cm™) 26 (°)

Fig.1 a Raman spectra of MGO sample and SEM image shown in the inset and b XRD spectra of
MGO and the inset figures are the expanded regions derived from the main XRD spectrum
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Fig. 2 a SEM image of CTAB@MGO, b FTIR spectra, ¢ zeta potential (~pH 7.6) and d TGA curves of
CTAB and CTAB@MGO samples with TGA curve for MGO shown separately in the d inset figure

vibrations (2915 and 2850 cm™!) and C—H asymmetric scissoring vibrations of
CH;-N* groups of CTAB (1415 cm™") [30, 38]. It suggested physical modifi-
cation/stacking of MGO through electrostatic interaction between positively
charged quaternary ammonium groups of CTAB and negatively charged rGO dec-
orated with metals.

Zeta potential measurements were made with surface modified MGO with CTAB
(CTAB@MGO) at pH of 7.6. Zeta potential values of —23.1+0.7 mV with pris-
tine MGO structure drastically shifted to 80+0.45 mV after CTAB immobilization
(Fig. 2¢). This shift is attributed to the positively charged quaternary ammonium
groups in the CTAB compound (zeta potential value 68.16 +2.45 mV), suggesting
successful immobilization of CTAB on metallic graphene carriers.

The component ratio of CTAB in CTAB@MGO hybrid was analyzed by meas-
uring weight loss by TGA analysis of MGO, CTAB and CTAB@MGO from 20 to
800 °C, respectively (Fig. 2d). The weight loss of CTAB@MGO and MGO was
recorded to be ~95.5% (Fig. 2d) and 11.5% (Fig. 2d inset), respectively with maxi-
mum up to 600 °C. Therefore, the differential weight loss among CTAB @MGO and
MGO was found to be 84% which corresponds to CTAB and verified with the theo-
retical ratio of CTAB to MGO in CTAB@MGO. Since the CTAB@MGO was pre-
pared by taking their mass ratio (8:1), therefore respective weight% was calculated
from their TGA thermograms to check their theoretical ratios. Based on two weight
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losses, the ratio of CTAB and MGO was calculated to be ~7.3, which were almost
consistent with the theoretical value of 8.

Blend membranes and their physicochemical properties

In this study, synthesized CTAB@MGO hybrid was exploited as a biocide and
inhibitor for PEG susceptibility in PMMA/PEG blend membrane. This membrane
was designed to acquire fouling resistance, antibacterial activity, and permeability
applications. Four different combinations of polymeric blend membranes were pre-
pared in order to study the effect of immobilization of CTAB on physicochemical
properties of PMMA/PEG blends. These include PMMA/PEG neat blend, CTAB/
PMMA/PEG (CTAB blend), PMMA/PEG/MGO (MGO blend) and PMMA/PEG/
CTAB @MGO membranes.

It is clear from TGA curves that CTAB@MGO incorporation in blend showed
stable thermal behavior as compared with MGO blend (Fig. 3a). This result sug-
gested that CTAB immobilization improved thermal stability of blend membrane.
This is attributed to the intercalation of CTAB and MGO that promoted the disper-
sion/interactions of CTAB @MGO with the blend and provided susceptibility to pol-
ymeric blend against metal-induced oxidation [31, 39]. TGA curves of each blend
membrane exhibited weight loss in two stages at ~220 and ~370 °C which account
for the two major components of PEG and PMMA in blend membranes, respec-
tively (Fig. 3a inset). The starting degradation temperature was found to be ~ 195,
180 and 190 °C for CTAB, MGO and CTAB @MGO blend membrane, respectively
(Fig. 3a). Also, CTAB@MGO blend membrane exhibited moderate increase in ther-
mal stability with second stage maximum weight loss at around 372 °C as compared
to 368 °C with MGO blend membrane according to TGA derivative plots (Fig. 3a
inset). This is attributed to the role of CTAB as inhibitor for PEG and restricting the
affinity of PEG with MGO in CTAB@MGO blend [31, 40].

X ——MGO blend
100 Melting ——»
e CTAB@MGO blend s
——MGO blend i H
80 4 ——CTAB blend 5 =§
—— PMMA/PEG blend & K
S z E:
% 60 2 [ S
® bt Tm =60 °C
3 3 40 60_ 80 100 120 130 160
2 @
- T Temperature ( °C)
S o
]
z {3 2
- : o
204 i —
i } Tm = 1016°C
o ARES biend 372 o0 ——CTAB@MGO blend
04 160 _240 320 400 480 Neat blend
Temperature ('C)
T T T T T T M T T T M T T T T T M T
100 200 300 o 400 500 40 60 80 100 01 20 140 160
Temperature ('C) Temperature ("C)

Fig. 3 a Thermogravimetric analysis (TGA) and the inset figure shows the first derivative of % weight
loss in TGA under air. b Differential scanning calorimetric (DSC) curves of neat, and MGO@CTAB
blends and the inset figure shows DSC curve of MGO blend under nitrogen flow
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The DSC profile of PMMA/PEG neat, MGO and CTAB @MGO blend membrane
were shown in Fig. 3b. The DSC curve of neat blend showed two glass transition
temperatures at 7,~58.6 and ~100 °C with respect to PEG and PMMA, respec-
tively (Fig. 3b). The presence of peak at ~60 °C is related to melting of MGO blend
(Fig. 3b inset) and hysteresis effect of MGO in polymer blend was observed at
107 °C. These results suggested that MGO incorporation in polymer blend was not
completely miscible as observed with irregular coarser spherulites from their optical
images (Fig. 4c). The glass transition and melting temperature for CTAB@MGO
blend membrane were observed at ~57 °C and ~101.6, respectively. These results
indicated that CTAB immobilization on MGO facilitated better compatibility with
PMMA/PEG in CTAB @MGO blend membrane.

PMMA/PEG blend membranes were miscible due to PMMA carbonyl groups
interactions with terminal OH of the PEG, represented by the formation of -C=0-"
H-O species. FTIR spectra were recorded to demonstrate such type of interactions

Fig. 4 Scanning electron microscope images of; a, b neat, ¢, d MGO and e, f CTAB@MGO blend
membranes
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and confirm the presence of these chemical moieties. FTIR spectra of the neat blend,
CTAB blend, MGO blend and CTAB@MGO blend shown in Fig. STA. FTIR spec-
tra of neat blend showed two regions of 3100-2700 and 1800—1600 cm™! that are
arising due to PMMA/PEG interactions (Fig. S1A). Stretching vibrations at 2885
and 2955 cm™! could be assigned to antisymmetric stretching vibration of CH,
group of PEG and PMMA, respectively and stretching at 1723 cm™! is assign to
vibration of C=0 group of PMMA [41].

These featured vibration stretching modes of PMMA and PEG were clearly
appeared in the FTIR spectra of CTAB blend, MGO blend and CTAB @MGO blend.
The stretching vibrations of secondary N-H group stretching (3018 cm™'), CH,
symmetric and antisymmetric vibrations (2915 and 2850 cm™') and C—H asymmet-
ric scissoring vibrations of CH;-N* groups of CTAB (1415 cm™!) have appeared
in the FTIR spectra of CTAB blend and CTAB@MGO blend [30]. It was observed
that both CH, stretching vibrations (2915-2955 cm™!) of PEG and CTAB groups
were overlapping in the FTIR spectra of CTAB@MGO blend. Further, the inten-
sity of C=0 groups of CTAB@MGO blend tend to decrease which is accompanied
by the appearance of CTAB functional groups when compared with intensity of
C=0 groups in control MGO blend. This result suggests the interaction between
hydrophilic and hydrophobic components facilitated miscibility in the CTAB@
MGO blend which is consistent with the DSC analysis (Fig. 3b). Raman spectra of
neat PMMA/PEG blend, CTAB blend, MGO blend and CTAB@MGO blend were
recorded as shown in Fig. S1B. The Raman spectra of CTAB@MGO blend clearly
showed the characteristic G and 2D bands of GO at 1585 and 2725 cm™! as well
as C-H, CH;, O—CHj; stretching at (1460 cm™!) and C=0 (1730 cm™h groups of
PMMA and PEG [42, 43]. These results confirmed CTAB @MGO heterostructure is
successfully incorporated in polymeric blend.

Optical microscopic images were taken to get more insight into the surface mor-
phology of the prepared blend membranes as shown in Fig. S2A-D. The optical
images clearly indicated the miscibility features of CTAB@MGO in PMMA/PEG
blend as compared with MGO blend membrane (Fig. S2C-D), and this result is fur-
ther supported by the results of TGA/DSC analysis with same membranes (Fig. 3a,
b). The inter-lamellar regions and spherulites appearance in case of MGO blend
membrane is more irregular and coarser as compared with CTAB@MGO blend
membrane. The miscibility change and randomness in lamellar bundles observed in
case of MGO blend membrane may be attributed to MGO-driven crystallization due
to its heteronucleating particle nature [14].

The SEM images of PMMA/PEG neat blend membrane showed uniform mis-
cibility without phase separation which is attributed to interactions of the oxygen
of PEG with carbonyl carbon of PMMA (Fig. 4a, b). The phase separated domain
of polymer components and irregular coarser morphology was observed on MGO
blend membrane surface (Fig. 4c, d and Fig. S3C). This is due to distinctly dif-
ferent hydrophilic—hydrophilic interactions between MGO and PEG as compared
with its interaction with PMMA component (hydrophilic—hydrophobic interaction)
[44]. CTAB@MGO blend membrane surface clearly showed thick-layer morphol-
ogy with small diffused crack networks (indicated with arrow) as compared with
MGO blend (Fig. 4e, f). It is clear that immobilization of CTAB on MGO facilitated
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hydrophilic—hydrophobic interactions between constituents of CTAB@MGO blend
membrane, accompanied by reduction in solvent evaporation rate caused by CTAB
during casting of blend membrane [30]. These results were also confirmed by their
FTIR and Raman spectra (Fig. S1A-B).

Applications of CTAB@MGO blend membrane

In this study, CTAB@MGO blend membrane was subjected to further analysis for
its antibacterial, antifouling and gas permeability properties.

Antibacterial and antifouling properties of the CTAB@MGO blend membrane

Antibacterial and antifouling performance of the modified membrane was deter-
mined using E. coli bacterium. The bacterial cells grown in growth medium
amended with membrane samples and the growth of bacteria was measured from
0 to 10 h of incubation with membrane samples (Fig. 5a). The results showed that
growth of cells was moderately reduced with neat blend (PMMA/PEG, control-1)
and in the absence of membrane sample (control-2) (Fig. 5a). However, bacteria
grown in the presence of CTAB@MGO blend membrane showed drastic reduction
in cell growth as compared with control-1 and control-2 (Fig. 5a). These findings
suggest that the metallic graphene oxide hybrid carrier exhibits moderate inhibition
of E. coli cell growth activity, whereas the CTAB@MGO blended membrane dem-
onstrated an excellent antibacterial activity (Fig. 5a).

Further, agar plate experiment was conducted to measure the antibacterial effect
of CTAB@MGO membrane coupon against E. coli cells. Here, the blend mem-
branes was overlayed on an LB-agar surface unlike suspension in liquid medium
and incubated with E. coli culture solution. The resulting growth inhibition zones in
the presence of control and test membranes were measured. It is clear from Fig. 5b
that maximum antibacterial activity was found with CTAB@MGO blend followed
by CTAB blend and MGO blend. Comparison of antibacterial activity among mem-
branes revealed that CTAB @MGO exhibited 2.5-folds antibacterial activity as com-
pared with antibacterial activity of MGO blend.

The bacterial growth patterns were consistent with bacterial adhesions as
observed in SEM images (Fig. 5c—e). It is clear from the SEM examination that
membrane without MGO (neat blend, Fig. 5c) showed relatively more adhesion of
bacteria as compared to membrane with MGO and CTAB@MGO (Fig. 5d, e) blend
membranes. The MGO blend membrane showed relatively less bacterial adhesion
as compared with that observed with neat blend, and this clearly suggests the anti-
bacterial and antifouling ability of Ag and ZnO on graphene surfaces in MGO blend
membrane [14]. It is well known that most bacterial cell walls are negatively charged
and have affinity for positively charged polymer system with quaternary ammo-
nium groups as biocides [4]. SEM images of MGO@CTAB blend clearly showed
maximum antibacterial/antifouling effects when compared with neat, CTAB and
MGO blend membranes following their incubation with bacterial culture for 12 h
(Fig. S4 and Fig. 5c—e). The antibacterial activity studies with membranes clearly
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Fig.5 a Growth curves of E. coli cells in LB-broth/agar medium amended with membrane samples
including no membrane (NM) as control. b Inhibitory assay and antibacterial zone measurements against
neat blend, CTAB blend, MGO blend and CTAB@MGO blend membranes. The inset figure shows
images of plates with respective inhibitory zones on LB-agar plates. SEM images of blend membranes
following exposure with E. coli for 12 h, such as; ¢ neat (control) showing extensive adhesion of bacteria,
d MGO blend membrane with relatively less bacterial adhesion, e CTAB@MGO blend membrane with
partial adhesion of killed bacteria and f BSA protein adsorption measurement with all membrane coupon
samples

demonstrated the CTAB immobilization on MGO providing efficient antibacterial
activity against E. coli cells, which is attributed to the presence of CTAB as a carrier
that minimize metal-induced degradation of polymer blend membrane and surface
roughness of graphene layers.

Antifouling performance of blend membrane samples were determined by
measuring the extent of adsorption of BSA protein on membrane coupon sam-
ples as described in experimental section. The BSA adsorption behavior with each
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membrane coupon sample is shown in Fig. 5f. CTAB blend membrane exhibited
less adsorption as compared with neat blend. MGO@CTAB membrane showed
minimum adsorption of BSA protein as compared with other control blend mem-
branes (Fig. 5f). Possible mechanism for minimum adsorption of protein on MGO @
CTAB blend membrane could be explained due to presence of hydrophilic moieties
of PEG, MGO and CTAB@MGO on the membrane (Scheme 2). The interaction
between hydrophilic and hydrophobic components in blend membrane is evident
from DSC, FTIR and Raman spectra. Therefore, the presence of these moieties in
CTAB@MGO blend may seem to weaken the interactions of protein molecules and
result in minimum protein adsorption.

Gas permeability of CTAB@MGO blend membrane

The physicochemical characterization of CTAB@MGO blend membrane
showed excellent features, such as diffused small crack networks and uniform
distributed CTAB-immobilized MGO in CTAB@MGO blend membrane, and
therefore, this blend membrane was exploited for gas separation application. The
gas permeation performance of blend membrane samples were carried out for
H,, N,, and CO, gases, and related results are shown in Fig. 6 and Tables S2-S3.
All of polymeric blend samples such as neat, CTAB, MGO and CTAB@MGO
blend showed highest permeability for H, gas due to smaller molecular diameter

(A) Organic waste matter
(protein structures)

\

Hydrophobic interactions
of proteins and
‘ ‘ ‘/ membrane surface
Fouled membrane surface PMMA/PEG blend
=

(Hydrophobic
membrane surface)

(B) Resistance to organic waste after
modification of membrane .
Organic waste matter

« (protein structures)
Hydrophilic interactions
D > of water in proteins with
H0 H,O 3 H,0 D

) >/ hydrophilic membrane surface

weakens fouling
CTAB@MGO blend

(Hydrophilic
membrane surface)

Scheme 2 Mechanism of proteins interaction with the a neat and b modified blend membranes
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Fig. 6 a The gas permeability plots and b selectivity for neat, CTAB, MGO and CTAB@MGO blend
membranes, respectively

of H, (2.89 A) as compared to nitrogen N, (3.64 A) and CO, (3.30 A) gases. In
addition to molecular diameter of gas molecules, permeability across the blend
membranes could be affected by different parameters, such as polarity of gases
and change in activation energy due to solubility and diffusion process [45].
Here, blend membrane samples showed a relatively low permeability for CO,
than N, gas and this could be associated with its affinity with PEG and increased
solubility compared to N, (Fig. 6 and Table S2) [35, 46].

The effect of CTAB-immobilized MGO incorporation in PMMA/PEG blend
membrane on gas permeability and selectivity is shown in Fig. 6a, b. It is evi-
dent that permeability of all the gases across the CTAB@MGO blend membrane
is higher as compared to other blend membrane samples (Fig. 6a, b). Incorpo-
ration of MGO@CTAB into the blend membrane resulted in increase by two-
fold for CO, and N, and 1.5-fold for H, gas permeability as compare to MGO
blend membrane. Increase in permeability of CTAB@MGO blend membrane
is attributed to CTAB@MGO-directed absorbtion and diffusion of gases in
CTAB@MGO blend membrane. In addition, absorption and diffusion of gases
might be taking place through diffused crack networks in CTAB@MGO blend
as observed in SEM image.

The selectivity of the CTAB@MGO blend membrane for H,/CO, and H,/N,
mixtures is shown in Fig. 6b and Table S3. The CTAB @MGO blend membrane
showed less selectivity as compared with neat and MGO blend membranes. The
decrease in selectivity of CTAB@MGO blend membrane may be associated
with less availability of MGO surface due to its coverage with CTAB. This sug-
gests that CTAB@MGO blend membrane is an efficient candidate for perme-
ability of selected gases (H,, N, and CO,), whereas MGO blend membrane was
found to be selective for hydrogen gas separation.
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Stability of CTAB in blend membrane

CTAB stability of the prepared blend membranes was determined by gravimet-
ric method. CTAB blend and MGO@CTAB blend (1 cm? area) membranes were
dipped in de-ionized water for 48 h. The differences in weight of membranes
were measured after every 12 h. Initially, CTAB release rate in CTAB blend was
found to be 650+ 50 pg/cm2 for 24 h, while in case of CTAB@MGO blend, it
was decreased up to 390 + 60 pg/cm? (Fig. S5). CTAB@MGO blend showed slow
release of CTAB with time as compared with CTAB blend. Thus, CTAB@MGO
blend enables the minimum negative/toxic effects induced by CTAB release into
operational environment. These findings indicated that the prepared modified
blend membrane has efficiency in long-term operation and possibly exhibit less
toxic with the release of CTAB into the water and other biological environment.

Conclusions

In this study, we demonstrated a facile method to enhance antibacterial and anti-
fouling activity and gas permeation ability of the PMMA/PEG blend membranes
incorporated with quaternary ammonium compound immobilized metallic gra-
phene oxide. The CTAB@MGO blend membrane showed 2.5-fold enhanced anti-
bacterial performance by inhibiting bacterial cell growth as compared to MGO
blend without CTAB. The CTAB immobilization on MGO showed less protein
adsorption on the blend membrane. Thus, CTAB@MGO membrane proved to be
an excellent antibacterial and antifouling property that can significantly improve
cost-effectiveness as compared with other sophisticated methods for prepar-
ing antibacterial and antifouling polymeric membranes. In addition, the CTAB
immobilization on MGO played a crucial role in gas permeation and resulted in
permeability increase by two- and 1.5-fold gas for (CO, and N,) and H,, respec-
tively, as compared to control membrane. Gas permeation results demonstrated
that CTAB@MGO blend membrane is an efficient candidate for permeability of
selected gases (H,, N, and CO,), whereas MGO blend membrane was found to
be selective for hydrogen gas separation. These results highlighted the potential
of incorporation of CTAB-immobilized metallic carbon materials into polymeric
blend membranes as an effective method to fabricate antibacterial, antifouling
and gas permeability membranes for environmental applications.
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