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ABSTRACT

Biofouling in membranes is a serious concern as it leads to a severe reduction in membrane
performance by increasing the membranes’ resistance to permeate flow. This work describes
a facile method for the production of high performance nanosilver polyamide thin-film
nanocomposite (TFN) membranes on carbon nanotube-based supports for biofouling control.
The TFN membranes were prepared by the interfacial polymerization of a thin polyamide
layer over a polyethersulfone (PES) support layer. Nanosilver (nAg) particles were generated
in-situ on the surface of the polyamide layer using a reduction reaction between a silver salt
and sodium borohydride. The support layer of the TFN membrane contained nitrogen doped
multi-walled carbon nanotubes (N-MWCNTs) at various dosages. The SEM/EDS
microscopic analyses revealed that nAg particles were present on the polyamide layer and
that they were evenly distributed throughout the TFN membrane. Furthermore, the TFN
membrane showed an improved water permeability (from 16.74 L/m2.h to 22.86 L/m’.h at
150 Psi) without sever compromise in NaCl rejection (from 98.37% to 99.40%) compared to
the bare TFC membrane. This was attributable to the combined hydrophilic effects imparted
by the presence of nAg on the TFN polyamide layer and the oxidised CNTs in the support
layer. Antibacterial tests conducted using Escherichia coli bacteria demonstrated that the TFN
containing nAg particles membranes exude better antibacterial activity compared to the
pristine TFC membrane as evidenced by a clear zone of inhibition, in the area surrounding the
TFN membrane and the absence of bacterial colonies. The present study demonstrated that
the presence of low dosages of CNTs in the support layer is essential in the improvement of
mechanical strength and performance properties of the support layer, while nAg plays a
crucial role in the enhancement of TFN membrane performance.
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1.0 INTRODUCTION

Recent  developments in  water
treatment research have been focused
towards the exploitation of
desalination  technology for the
treatment of sea and brackish water to
obtain safe and potable water. This
approach holds a promising future for
increasing freshwater supply. Among
others, thin-film composite (TFC)
membranes are commonly employed
in the reverse osmosis (RO) process
for water desalination. In TFC
membranes, each individual layer can
be optimized individually in order to
obtain a composite membrane with
desirable properties [1]. However,
despite their elegant design, TFC
membranes are largely polymer-based
and are therefore prone to membrane
fouling, particularly biofouling.
Biofouling, which is caused by growth
of biofilm on the membrane surface in
TFC membranes, is of serious concern
since it hinders the performance of the
membrane thus limiting the
membranes’ prolonged use. Biological
foulants such as bacteria, fungi and
algae grow in large quantities on the
membrane surface thereby inhibiting
permeation through the membrane
surface [2]. The use of strong oxidizing
agents such chlorine, ozone, etc., to
remove the adsorbed biofilm may be
detrimental to the membrane’s
structure as they are capable of
degrading the polyamide layer on TFC
membranes [3, 4].

Silver and silver-containing
compounds are well-known for their
biocidal properties. Moreover, the
advent of nanotechnology has enabled
further engineering of these silver-
containing compounds to generate
nanomaterials that possess much
enhanced antibacterial activity and
other remarkable features owing to
their nanoscale dimensions.
Particularly, silver nanoparticles or

nanosilver particles (nAg) has found
wide-spread use as fillers for
membrane modifications to reduce
membrane biofouling. The proposed
mechanisms of the nAg antibacterial
activity include (i) uptake of free Ag+
ions, (ii) the disruption of ATP
production and DNA replication, (iii)
nAg and silver ion generation of the
reactive oxygen species, and (iv) direct
damage of the cell membranes by nAg
[5].

Direct addition of nAg into the feed
water stream to inactivate bacteria
would require massive amounts to be
added and would therefore be very
expensive [6]. Hence, immobilizing
small amounts of nAg on the
membrane surface where biofilm
growth takes place is a more plausible
approach. The wuse of nAg in
membranes has been intensively
studied on polyethersulfone (PES) and
polysulfone (PS1) mixed-matrix
membranes [7-13]. Relevant literature
reports in which nAg has been used for
TFC membrane modification is
summarized in Table 1. In most cases,
the membrane performance in terms of
flux and rejection was negatively
affected by the incorporation of nAg.

A study by Kim and co-workers,
investigated the effects of
incorporation of nAg and CNTs into
the polyamide layer and PSf support
layer [14]. Their findings revealed that
anti-biofouling,  permeability = and
solute rejection properties of the
resultant TFN membrane were greatly
improved upon the inclusion of nAg
and CNTs. Previously, Phao et al.,
prepared PES UF membranes modified
with low dosages of nitrogen-doped
carbon nanotubes (N-CNTs) and
reported that the fabricated membranes
exhibited enhanced water
permeabilities and mechanical strength
properties due to the high surface
reactivity of the N-CNTs [15].
Therefore, the present study aims to
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systematically investigate the role of
oxidized multi-walled carbon
nanotubes (O-MWCNTSs) or nitrogen-
doped multi-walled carbon nanotubes
(N-MWCNTs) in PES-based supports
for the fabrication of high performance
TFN membranes. Moreover, in-situ
generation of nAg on the polyamide
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evaluate the anti-biofouling properties
of the TFN membrane. The TFC and
TFN membranes fabricated were
studied using a range of spectroscopic
and microscopic techniques and their
performance was evaluated using the
cross-flow filtration system.

layer was conducted to

enhance

Table 1 Nanosilver incorporated TFC membranes with their corresponding membrane

performance

Nanosilver loading method

nAg/TFC membrane performance

Reference

nAg particles were dispersed in the
organic phase (in HCFC) during TFC
membrane formation.

-Membranes’ water flux and salt rejection
were maintained.

-Pseudomonas spp were destroyed on
contact with membrane surface.

-Most of the nAg remained intact after
filtration tests.

[16]

In-situ generated on TFC surface:
reduction reaction between AgNO3
and FCOH.

-Slower decrease in permeate flux and
TDS rejection.

-Microbial cell growth on membrane
surface was prevented.

[17]

nAg were dispersed in the aqueous
phase (with MPD) during TFC
membrane formation.

-Increase in hydrophilicity and water
permeability.
-Antifouling and antibacterial activity was
displayed against Pseudomonas
aeruginosa.

In-situ generated on TFC surface:
reduction reaction between AgNO3
and NaBH4

-Strong antibacterial activity (75% of live
bacteria removed).

-Biofilm formation was suppressed.
-Surface and transport properties of the
membrane were retained.

*FCOH= Formaldehyde

2.0 EXPERIMENTAL

2.1 Materials

Toluene (99.8%), ferrocene (98.0%),
acetonitrile (99.8%) and N-methyl-2-
pyrrolidinone (NMP) (99.5%) were all
purchased from Sigma-Aldrich South
Africa. CNTs and N-CNTs were freshly
prepared in our laboratory using a
conventional catalytic chemical vapour

*HCFC= 1, 1 Dichloro-1-flueroethane

deposition (CCVD) method. Nitric acid

(HNO3) used for the

MWCNT

purification and functionalisation was
purchased from Merck South Africa.

Polyethersulfone (Veradel 3000P) was
supplied by Solvay Advanced Polymers
(South Africa). Deionized (DI) water
was obtained from a water purification
system (RO Process Ecopure G.I.C.
Scientific). The 1,3-phenylenediamine
(MPD) > 99%, 1,3,5-benzenetricarbonyl
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trichloride (TMC) >98%, n-hexane
(95%), sodium dodecyl sulphate (99%),
sodium borohydride (> 99%), silver
nitrate and sodium carbonate were all
purchased from Sigma-Aldrich South
Africa. Silver nitrate (99.0%) was
purchased from Merck South Africa.

2.2 Preparation of CNT/PES and N-
CNT/PES Support Membrane

The CNT/PES and N-CNT/PES blend
membranes were prepared using the
non-solvent induced phase inversion
method [18]. Firstly, weighed amounts
of oxidised CNTs or N-CNTs (0.1 and
1.0 wt.%) were dispersed in NMP
solvent by ultrasonication for 10 min to
increase dipersibility, followed by the
addition of 15wt% PES to form
CNT/PES and N-CNT/PES blends. The
casting solutions were allowed to stir at
80 °C for 2 h for complete dissolution of
the polymer and efficient mixing with
additives. The casting solution were left
to settle overnight at room temperature
for degassing. The solutions were then
cast onto the glass plate using a casting
knife (Elcometer 3545 Adjustable Bird
Film Applicator) at a set thickness of
200 pm. The coated glass plate was
allowed to air dry for 10 s followed by
immersion in a non-solvent water bath at
4 °C for 2 h. The resultant membrane
was rinsed with deionised water at room
temperature, dried and stored between
sheets of paper.

2.3 Preparation of TFC and TFN RO
Membranes

Thin-film composite (TFC) membranes
were prepared via interfacial
polymerisation method [19], where in
0.1wt% O-MWCNT/PES and N-
MWCNT/PES blend supports were first,
pre-treated in sodium dodecyl sulphate
(0.5 wt.%) solution for 12 h. The
membranes were then rinsed with
deionised water and allowed to air dry.

The support membranes were then taped
onto a glass plate around the edges and
immersed in a 2.0 wt.% m-phenylene
diamine (MPD) aqueous solution
(previously adjusted to pH= 8 with
ammonium chloride) for 3 min. The
excess MPD solution on the taped
membrane substrate was removed with a
rubber roller, followed by soaking in a
0.1 wt.% trimesoyl chloride (TMC) in n-
hexane solution for about 1 min for
interfacial polymerisation to take place.
After 1 min of reaction, the glass plate
was held vertically to remove excess
TMC solution followed by curing in the
oven at 65 °C for 15 min. The resultant
TFC membranes were washed with a 0.2
wt.% NaxCOs solution and deionised
water to remove any unreacted
monomers.

To prepare TFN membranes, the TFC
membrane was taped on a glass plate
and immersed in AgNOs3 solution for 5
min. The excess AgNO; solution was
removed leaving only a thin residual
layer. The glass plate was then
immersed in NaBH4 solution for 2 min
to allow the reduction of Ag" ions into
Ag® on the TFC membrane surface. The
membranes were then rinsed with
deionized water at room temperature.
The concentrations of AgNOs; and
NaBHy4 solutions were varied from 0.005
M - 0.25 M. The results reported in this
study are however based on the 0.25
M:0.25 M (AgNOs3:NaBH4) solution as
no Ag could be detected on the TFC
membrane surface at low molar
concentration ratio (0.005 M:0.005 M
and 0.1 M:0.1 M). Membranes denoted
as “TFC” in study, were not coated with
nAg on the polyamide layer, while
membranes denoted as “TFN” were
coated with nAg.

2.4 Characterization of TFC and TFN
Membranes

Surface morphology of membranes was
characterised by a VEGA3 TESCAN
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Scanning Electron Microscope (SEM)
under a 20 kV electron acceleration
voltage. Membrane samples were
sputter-coated with gold before analysis
to prevent charging. Information on
surface roughness of the membranes was
obtained from Dimension 3100 Veeco
atomic force microscopy (AFM) in
tapping mode using the camera model
Nanoscope III. Fourier transformed (FT-
IR) spectra were collected from a
Fourier transformed infrared
spectrometer (Perkin-Elmer Spectrum)
equipped  with  attenuated  total
reflectance (ATR) accessory.

Surface crystalline properties of
membranes were studied using a X Pert
Diffractometer by PAnalytical. X-ray
diffraction spectra were collected at a
scan range between 3 - 90°, by exposing
samples to X-rays at an applied voltage
and current of 40 kV and 30 mA using

Cu K-beta radiation= 1.454 A. The
instrument  was  equipped  with
scintillation counter detector.

Thermogravimetric analysis (TGA) of
the samples was carried out by using a
Perkin-Elmer TGA 4000 analyser, in
which 8 mg of the sample was heated in
a temperature range of 30 - 900°C at a
heating rate of 10°C/min in oxygen
atmosphere at a flow rate of 20 ml/min.
Data Physics Optical Contact Angle
analyser using a sessile drop method
was used to evaluate the membranes
hydrophilicity. An average of 10 contact
angle readings was taken from different
locations on each membrane type.
Mechanical strength properties of
PES blended, TFC, nad TFN membraes
assess the impact of CNT (or N-CNT)
incorporation on the PES composite
membranes’ mechanical performance, 3
- 4 equal sized specimens (9 cm length,
1 cm width) of each sample underwent
tensile tests at a force of 2 N. The stress-
strain curve for the polymeric
membranes was obtained by applying a
tensile force at a uniform speed of 1
mm/min. The measurements were taken

from an electronic stretching machine
(AG-IC SHIMADZU control/measuring
unit) at a strain rate of 1 mm/min.

2.5 Membrane Performance Tests

Transport properties of membranes were
examined using the cross-flow filtration
system (Sterlitech, USA) with a
membrane cell area of 42 ¢cm? In the
case of support membrane performance,
the membranes were firsts compacted
for 1 h at 150 Psi, following which, the
applied pressure was varied between
50 — 150 Psi to evaluate membrane
permeability. For TFC membrane
performance evaluation, the membranes
were compacted for 6 h at 300 Psi (20.7
bar, followed by varying the applied
pressure between 100 to 300 Psi. The
pure water flux of membranes was
calculated using Equation (1) as:

_r
"I Axt (1)

Where V is the permeate volume (L), A
is the membrane effective area (cm?)
and t is the time (h) necessary for the
permeate volume to be collected.

To evaluate the solute rejection of
PES blend supports, 500 ppm solution
of 10kDa PEG solution was used,
whereas 1000 ppm NaCl solution was
used as a feed solution for evaluating the
solute rejection efficiency of TFC
membranes. The rejection (R) of
membranes was calculated according to
Equation (2) as:

Cp

R(%) = ( e )% 100

)

where Cf is the NaCl concentration in
the feed solution, and Cp represents the
NaCl concentration in the permeate. The
concentration of NaCl in feed and
permeate was calculated from the
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conductivity values (uS/cm) measured
using a Crison —-EC Basic 30+
conductivity ~ meter. Conductivity
measurements were recorded at room
temperature. The conductivity meter was
calibrated using 0.01 M KCI solution
with a conductivity of 1420 puS/cm prior
to running the collected feed and
permeate samples.

2.6 Antibacterial tests of TFC and
TFN Membranes

Escherichia coli (E. coli) OI157:H7
43895 was wused to evaluate the
antibacterial properties of TFC and TFN
membranes. E. coli in 50 mL of Luria—
Bertani (LB) broth was shaken at 200
rpm. The cells were harvested for 16 h
and then separated from the LB broth by
centrifugation. The supernatant was
decanted and the pellets were re-
suspended in phosphate buffered saline
(PBS). The bacterial cells were then
suspended in PBS to a cell density of
approximately x107 CFU/mL
determined from optical density. E. coli
suspensions were pipetted onto LB agar
plates and spread over the surface.
Membrane samples were placed in the
middle of the agar plates and incubated
at 37 °C for 24 h. After incubation, the
agar plates were visually observed for
the bacterial growth.

3.0 RESULTS AND DISCUSSIONS

3.1 Characterisation of CNT/PES and
N-CNT/PES Supports

The first part of this study focuses on the

discussion of physico-chemical and
performance properties of CNT and N-
CNT incorporated PES membrane
supports. The loading of CNTs and N-
CNTs within the PES polymer matrix
was varied between 0.1 and 1.0 wt% to
yield 0.1 wt% CNT/PES and 1.0 wt%
CNT/PES, 0.1 wt% N-CNT/PES and 1.0
wt% N-CNT/PES membranes,
respectively.

3.1.1 TEM Analysis of CNTs and N-
CNTs

TEM images of CNTs and N-CNTs are
shown in Figure 1. It can be seen that N-
doping induced a change in morphology
within the inner structure of the CNTs.
In the case of CNTs, hollow-tubular
structures can be observed while N-
CNTs have the compartmentalised
segments within the tubular structures
resembling a typical bamboo
morphology commonly found in N-
CNTs [20, 21]. The presence of N atoms
within the nanotube walls leads to the
distortion of the hexagonal framework
of graphene layers by creating curved
pentagonal structures which leads to the
formation of bamboo caps [22].
Additionally, N-doping leads to the
formation of smaller tube diameters, i.e.,
the outer diameters for CNTs were in the
range ~ 34 — 52 nm while those of N-
CNTs were between ~ 31 — 42 nm,
respectively. The decrease in diameters
for N-CNTs can be associated with the
interaction of the acid with the
outermost graphene layers [23].
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Figure 1 TEM images of (a) CNTs and (b) N-CNTs. Insets: TEM images of CNTs or N-

CNTs recorded at higher magnifications

3.1.2. FT-IR Spectroscopic Analysis

The FT-IR spectroscopic analysis of
PES and PES blend membranes was
carried out in order to evaluate the
surface chemistry of the membranes
through functional group identification.
All spectra show identical peaks at
~ 1590 - 1480 cm (corresponding to
C=C stretch of aromatic groups), at
~ 1309 - 1157 cm (corresponding to
S=0O stretch vibration of the sulfone

groups) and ~1231 ecm™! (corresponding
to C-O-C stretches of the ether group);
all peaks characteristic of PES
backbone (Figure 2). However, the only
noticeable difference in the spectra for
PES blend membranes from that of bare
PES, is the appearance of the peak at
1688 cm! due to C=0O bonds of the
carboxylic acid group. This is obviously
due to the inclusion of acid-treated
MWCNTs or N-CNTs into the PES
polymeric matrix.

250

200 +

150

100

Transmittance (a.u)

50+

—PES

——0.1% CNT/PES
—1.0% CNT/PES
——0.1% N-CNT/PES

— 1.0% N-CNT/PES

4000 3500 3000

2500

Wavenumber (cm'1)

2000 1500 1000

Figure 2 FT-IR spectra of bare PES and PES blend membranes
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3.1.3 SEM Analysis of CNT/PES and
N-CNT/PES Supports

In order to evaluate the influence of
CNTs or N-CNTs on the PES membrane
microstructure, SEM surface and cross-
sectional analyses were conducted. The
surface images in Figure 3 (a, c, e, g, 1)
depicts that the number of pores
(porosity) and pore sizes increases after
the inclusion of the of CNTs or N-CNTs
onto the PES matrix. This can be
associated with the enhanced and more
facilitated phase separation process
caused by the presence of hydrophilic
additives CNTs or N-CNTs into the
polymer matrix [24, 25]. The cross-
sectional images of bare PES and PES
blend membranes in Figure 3 (b, d, f, h,
j) reveal that all membrane supports
have a typical asymmetric structure;
which comprises of a dense top layer
and a porous sub-layer. Moreover, bare
PES membranes (Figure 3 a) possesses
very large finger-like structures in the
porous sub-layer; the formation of
which is facilitated by the fast exchange
rate between the solvent and non-solvent

(b) PES-.,

() 0.1 cNTIPES

(e)

N. N. Gumbi et al.

during membrane formation. However,
after the inclusion of 0.1 wt% CNTs and
N-CNTs, the formation of finger-like
microstructures in  the membrane
sublayer becomes less pronounced
(Figure 3 d, h). The suppression of these
finger-like  microstructures  becomes
even more pronounced as the CNTs or
N-CNTs loading is increased to 1.0 wt%
(Figure 3 f, j), with tiny pores walls
starting to develop (marked with X).
Such an occurrence can be linked to an
increase in viscosity of the casting
solution upon increments in CNTs or N-
CNTs loading. At high viscosities, the
mixing-demixing rate between the
solvent (NMP) and non-solvent (water)
is hindered, thus resulting in a denser
substructure with fewer finger-like
structures and macrovoids. The presence
of macrovoids tends to compromise the
mechanical integrity of the membranes
resulting in membrane rapture during
high pressure application processes such
as RO [26, 27]. As such, their absence is
highly desired in the present study.

1.0 CNT/PES

prosiiinien B

oo 58 [T ety

T

Figure 3 SEM surface (a, c, e, g, 1) and cross-sectional images (b, d, f, h, j) of PES and PES

blend membranes
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3.1.4. Contact Angle Measurements
and Water Uptake Studies

Table 2 presents the contact angle and
water uptake values of PES and PES
blended membranes. Generally, the
measurement of contact angles for
membranes gives an indication of the
extent of hydrophilicity or
hydrophobicity of the membrane surface
[28]. It was found that the contact angle
vales measured initially decreased from
66° for bare PES to 61° and 60° upon
the inclusion of 0.1 wt.% of CNTs or N-
CNTs into the PES matrix. The decrease
in contact angle is indicative of
improvements in the membrane surface
hydrophilicity due to the inclusion of
hydrophilic CNTs or N-CNT additives.
These hydrophilic additives migrate
spontaneously to the membrane/water
interface during the phase inversion
process to reduce the interfacial energy
required thus rendering the membrane
surface hydrophilic [29]. However, at
1.0 wt% of CNTs or N-CNT loading, no
further enhancement in membrane
surface hydrophilicity could be obtained,
instead contact angles values increases.
This could be due to irregular
positioning and agglomeration of CNTs
or N-CNTs within the membrane
microstructure. Similar findings have
been previously reported [18, 24].

Water uptake tests are crucial in
determining the effectiveness of the

prepared blended membranes as possible
support layers for the manufacture of
TFC membranes, i.e. the first step of
interfacial polymerization involves the
immersion of the support membrane in
the aqueous diamine monomer solution.
The values calculated from water uptake
studies of PES blend membranes are
shown in Table 3. It can be seen that the
water uptake increases by 4.56% for 0.1
wt% CNT/PES and by 7.48% for 0.1 wt
N-CNT/PES membranes from that of

bare PES membrane. This can be
correlated to the improvement in
hydrophilicity = of  these  blended

membranes after the incorporation of
CNTs or N-CNTs. The 0.1 wt% N-
CNT/PES membranes had the lowest
contact angle hence a higher water
uptake. Nonetheless, water uptake
decreased by 2.73% and 2.97% after the
incorporation of 1.0 wt%. CNTs or N-
CNTs. This observation can be
associated with increase in solution
viscosity and irregular collocation of
nanoadditives on the polymeric matrices
at higher loadings as was previously
established from SEM cross-sectional
images and from contact angles values
of 1.0 wt% CNT/PES and 1.0 wt% N-
CNT/PES membrane. Similar findings
have been reported by Qiu et al. [30]
and Vatanpour et al. [24].

Table 2 Water contact angles and water uptake tests of PES and PES blend supports

Membrane type Porosity (%) Contact angle Water uptake PEG

© (%) Rejection (%)
PES 56 66.18 +£0.05 38.92+ 0.01 94.95+ 0.21
0.1wt% CNT/PES 66 61.29+0.27 43.48+0.05 92.69+ 0.14
0.1wt% N-CNT/PES 69 60.59 £ 0.05 46.40+ 0.10 92.78+0.11
1.0 wt% CNT/PES 64 70.66 +0.28 36.19+ 0.04 94.04+0.18
1.0 wt% N-CNT/PES 66 71.16 £0.89 3595+ 0.11 94.39+0.15
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3.1.5 Membrane Performance of
CNT/PES and N-CNT/PES Supports

Figure 4 demonstrates that the pure
water flux increases after the addition of
0.1 wt% CNTs or N-CNTs in the PES
matrix but reduces as the nanoadditive
loading is increased to 1.0 wt%. In the
former, the increase in water permeation
can be attributed to the increase in
surface porosity and enhancement in
membrane surface hydrophilicity of the

0.1% CNT/PES and 0.1 wt% N-
CNT/PES membranes as elucidated
from SEM and contact angle
measurements. Apart from process

operation conditions such as increases in
applied transmembrane pressure, pure
water flux membranes is controlled by
surface hydrophilicity and membrane
pore size [31]. In the latter, the decrease
in water permeation can be ascribed to
the to the formation of a denser
substructure as a consequence of an
increase in solution viscosity at higher
CNTs or N-CNT loadings. The
electrostatic interactions between the
CNTs or N-CNTs at higher loadings
causes them to form clusters within the
PES polymer chains, leading to subtle
reduction in  hydrophilicity  and
membrane flux.

Although both CNT/PES and N-
CNT/PES membranes show similar
patterns in terms of pure water flux
increases with the applied pressure, N-
CNT/PES membranes exhibit slightly
higher pure fluxes compared CNT/PES
membranes. This observed behaviour

can be linked to increase in surface
reactivity of CNTs imparted by the
presence of doped nitrogen atoms,
which in  turns  enhances the
compatibility between N-CNTs and PES
matrix. The presence of hydrophilic
functional groups on the CNTs and N-
CNT surface accelerate the exchange
rate between the solvent and non-solvent
during phase inversion, leading to
enhanced water permeation more
particularly at low dosages. Further
increments in CNT and N-CNT dosages
causes the resultant PES blend
membrane to adopt a similar permeation
behaviour as that of a bare PES
membrane. As such, the loading of
CNTs or N-CNTs within the PES matrix
should be kept low to achieve enhanced
membrane performance.

In Table 2, the PEG 100kDa rejection
of PES and PES blend membranes at 80
Psi. The measured rejections were
94.95%, 92.69%, 92.78%, 94.04% and
94.39% for PES, 0.1 wt% CNT/PES,
0.1wt%  N-CNT/PES, 1.0 wt%
CNT/PES and 1.0 wt% N-CNT/PES
membranes respectively (see error bar
graphs). The slight initial decline after
the introduction of 0.1 wt.% of the
CNTs or N-CNTs can be accounted for
by the increase in surface porosity and
pore sizes structure which was
responsible for higher pure water fluxes,
In this case the permeability-selectivity
trade-off prevailed [32]. At 1.0 wt.% N-
CNT loading, the formation of the dense
sub-structure aided the increase in solute
rejection.
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Figure 4 Pure water flux of PES and PES membrane blends as a function of pressure

3.1.6 Mechanical Strength Properties

Figure 5 shows the stress-strain of PES
and PES blended membranes. The CNT
incorporated PES membranes displayed
much higher tensile strength at higher
percentage elongation at both 0.1 wt.%
and 1.0 wt.% loadings, compared to all
PES membranes in the tested series.
This was then followed by the N-
CNT/PES membranes and bare PES
membrane. The significant improvement
in tensile strength of CNT incorporated
PES membranes is attributable to the
strong interaction between the PES and
the CNTs via hydrogen bonding [15].

Although the cross-sectional
morphologies of CNT/PES and N-
CNT/PES membranes at 1.0 wt%
loading are similar, in term of

possession of a dense sub-layer structure,
for the N-CNT incorporated PES, there
were no significant or pronounced

changes in tensile stress compared to
bare PES membrane. This can be
associated with the presence of the N
atoms on the CNT backbone, which
create interstitial spaces thus causing
structural distortions in carbon nanotube
framework. Nevertheless, the strain at
break for N-CNT/PES was found to be
slightly higher than that of bare PES
membranes (from 22% to 27%)
suggesting that the presence of the N-
CNTs in the polymer matrix does
contribute in part, by taking up some
strain during the elongation process.

Due to the outstanding mechanical
strength properties displayed by the 0.1
wt% CNT/PES support, combined with
good membrane performance (high
water permeability and solute rejection),
all thin-film composite membranes
discussed in this work, have been
prepared on this support.
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Figure 5 Stress-strain curves for different PES blended membranes

3.2 Characterisation of TFC and TFN
Membranes

3.2.1 SEM Analysis

SEM surface images of TFC and TFN
membranes shown in Figure 6 depict a
“ridge and valley” morphology that is
characteristic of the polyamide thin-film
layer [33, 34]. There were no obvious
visual differences in the surface images
of TFC and TFN membranes (a, b) at
SEM magnification of 25,000. However,
when the magnification was increased to
50,000 x, small spherical particles were
observed (indicated by white arrows)

within the polyamide cross-linked
network  structure for the TFN
membrane image Figure 6(d). The

diameters of these particles (measured
using Image J software) ranged from 30
to 40 nm. These particles are due to the
attachment of nAg on the TFC surface.
The energy dispersive spectroscopy
(EDS) was used to confirm the presence
of nAg in the membranes (Figure 7 b).
The silver content in the TFN membrane
was found to be 6.8 % from EDS
analysis. Based on the EDS spectrum of
TFC membrane (Figure 7 a), no silver
could be detected. This suggests that the
small grainy substances (marked in
white circles) in the SEM image for
TFC  membrane at 50,000 x
magnification (Figure 6 c) were due to
the residual unreacted monomers on the
membrane surface.
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Figure 6 Surface SEM micrographs of (a,c) TFC and (b,d) TFN membranes at different
magnifications (25,000 x and 50, 000 x)
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Figure 7 EDS spectra of (a) TFC membrane and (b) TFN membrane, showing the presence of
Ag in the TFN membrane. Insert: SEM images of TFC and TFN membranes

3.2.2 AFM Analysis of TFC and TFN
Membranes

The AFM images of TFC and TFN
membranes are shown in Figure 8. Both
membranes (TFC and TFN) showed
nanoscale surface roughness (Table 3),
which is another characteristic feature of
polyamide TFC membranes prepared by
interfacial polymerisation method (Hoek,

et al., 2001). The root mean square
surface roughness (Rq) of the TFN
membrane of 52.43 is slightly decreased
from that of bare TFC of 59.57nm. The
decrease in surface roughness of the
TFN membrane can be attributed to
uniform dispersion of the nAg particles
on the membrane surface, which also led
to the improvement in surface
hydrophilicity. The membrane surface
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roughness obtained is comparable to
what has been reported previously by

other researchers [14, 33]. Minimal
membrane surface roughness is a
desirable property in RO seawater

membranes to reduce the membranes’
propensity to fouling because of the
reduced adsorption sites for foulant
attachment [4].

(b)

Figure 8 (AFM images of (a) TFC and (b) TFN membranes

3.2.3 Contact Angle Measurements of
TFC and TFEN Membranes

In Table 3, contact angle measurements
of TFC and TFN membranes are
reported. A decrease in contact angle
from 70.23° for TFC membrane to
59.91° for TFN membrane can be
observed. This remarkable decrease
suggests that the added nAg improves
the membrane surface hydrophilicity.
Liu and Hurt [35] predicted the

mechanism of hydrophilicity
improvement to be due to the release of
Ag+ ions in the aqueous phase and the
subsequent adsorption of the ions on the
nAg surface during the formation of the
hydrated Ag+ ion. This is the probable
source of the nAg hydrophilicity.
Zodrow et al., [3] also reported that an
increase in the nAg content in the
membrane results to an improvement in
membrane hydrophilicity.

Table 3 Surface roughness parameters and water contact angles of TFC and TFN membranes

Membrane Roughness Ra(nm) Contact angle
parameter ©)
Rq(nm)
TFC 59.57£ 1.5 48.27+ 0.8 70.23+ 0.1
TFN 5243+ 1.3 4223+ 1.0 5991+ 0.5

Rg=room mean square roughness; Ra= average roughness

3.2.4 XRD and FT-IR Spectroscopic
Analysis

Surface crystallization of TFC and TFN
membranes was studied by using XRD

spectroscopy analysis. The XRD pattern
of the TFN membrane (Figure 9 (a))
shows four new diffraction peaks
corresponding to Ag between 20 of 37°,
44°, 64° and 77° assigned to Ag (111),
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Ag (200), Ag (220) and Ag (311)
respectively. These peaks were absent in

the XRD pattern of bare TFC membrane.

The emergence of the assigned peaks

(@)

Ag(111)

Ag (200)

Ag (220) Ag (311)

Intensity (a.u.)

N. N. Gumbi et al.

supports the evidence already
established from EDS analysis of the
TFN membranes that, indeed nAg were
attached on the TFN membrane surface.

(b)

—TFC
——TFN

Transmittance (a.u.)

2 theta (deg)

T T T T T T T
600 800 1000 1200 1400 1600

Wavenumber (cm'l)

Figure 9 (a) XRD spectra and (b) FT-IR spectra of TFC and TFN membranes

FT-IR spectra of TFC and TFN
membranes are shown in Figure 9 (b).
The two spectra completely overlap and
both show intense peaks at 1104 cm™' (-
CO stretch), 1147 cm?' (0=S=0
symmetric stretch), 1235 cm™!' (aromatic
ether), 1488 cm™! (O=S=0 asymmetric
stretch), 1536 cm™! (-NH bend) and 1663
cm! (amide -C=0). The completely
identical FT-IR spectra of TFC and TFN
membrane indicate that the NaBH4
solution did not reduce the —C=0 and -
NH groups on the polyamide layer;
these chemical group functionalities are
the main constituents of the polyamide
backbone.

3.2.5 Thermogravimetric Analysis TFC
and TFN Membranes

In Figure 10, the mass loss between
100 — 200 °C in the TGA curves of TFC
and TFN membranes corresponds to loss
of residual solvent after the fabrication
of the membrane The thermal
degradation temperature of 454 -C for
the TFN membrane is lower than that of
the TFC membrane (500 °C) suggesting

that its thermal stability has been
reduced. Further, only 94% of the TFN
membrane sample undergoes thermal
degradation, leaving a residual mass of
6% which is nAg residue. On the other
hand, the TFC membrane undergoes
almost complete thermal degradation
with a residual mass of 0.07%. The CNT
content within the TFC support is very
low, degradation due to the presence of
CNTs is negligible. The decrease in
thermal stability of the TFN membrane
can be associated with the presence of
nAg in the polyamide layer membrane
surface. The presence of silver induces
structural distortions in the polyamide
layer of the membrane due to the
interaction between nAg and the
polyamide layer thus resulting in a
decrease in thermal stability. From the
EDS analysis of TFN membrane, the Ag
content was found to be 6.8% - this
resembles  the  residual  weight
percentage of the TFN membrane from
the TGA plot. The residual contents of

the TFN  membrane may be
predominantly composed of nAg
particles.

T T
1800

2000
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Figure 10 TGA plots of TFC and TFN membranes

3.2.6 Evaluation TFC and TFN
Membrane Performance

Pure water flux of the TFC and TFN
membranes was evaluated as a function
of applied pressure (Figure 11). In both
membranes, pure water flux increased
linearly with the applied pressure i.e. the
higher the applied pressure, the lower
the membranes hydraulic resistance to
flow, resulting in more water being
forced through the membrane. Pure
water flux increased from 4.88 L/m%h
for the TFN membrane at 100 Psi to
35.85 L/m2.h at 300 Psi. Moreover, pure
water flux for TFN membrane was
found to be higher than that of the TFC
membrane. For example, at 150 Psi, the
pure water flux for TFC membrane was
found to be 16.74 L/m2.h while that of
TFN membranes was 22.86 L/m?2.h. This
improvement in pure water flux can be

ascribed to the enhanced hydrophilicity
of the TFN membrane which is caused
by the presence on nAg on the
membrane surface. At higher membrane
surface hydrophilicities, more water
molecules are attracted towards the
membrane surface, fostering more
interactions with the membrane surface,
resulting in  higher = membrane
permeability upon the application of
pressure. Additionally, the presence of
granular substances on the TFC RO
membrane surface as a result of residual
unreacted monomers, as established
from SEM analysis, could also impart
on the lower water permeability of the
TFC  membrane, while uniform
dispersion on nAg on TFN membrane
surface, which resulted in formation of
formation of smoother membrane
surface, aided the observed increased
water permeability.
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Figure 11 Pure water flux against pressure of TFC and TFN membranes

The NaCl solute rejection of the TFC
membrane was found to be 98.38%
while that of TFN membranes was
99.40%. This means that the rejection of
the TFN membranes only increased by
1.02% from that of bare TFC membrane.
These results are similar to those
reported by Kim et al., (2012) in which
the presence of nAg in the polyamide
layer and N-CNTs in the support layer
significantly ~ improved the TFN
membranes’ permeability with minimal
impact on the solute rejection capacity
of the membrane [14].

3.2.7 Antibacterial Performance of
TFC and TFEN Membranes

The antibacterial tests conducted on the
TFC and TFN membranes upon contact
with E. coli bacterial suspension can be

observed in Figure 12. An immense
bacterial adhesion can be observed
around the culture containing TFC
membranes, whereas a clear zone of
inhibition in the areas surrounding the
TFN membranes can be seen in Figure
13(b). Moreover, there were no bacterial
colonies formed in the culture plate
containing TFN membranes. The
observed results are attributable to the
biocidal effects imparted by the nAg
present on the surface of the TFN
membrane. Due to the location of nAg
on the TFN membrane surface, it can be
concluded that the bacteria were
destroyed upon direct contact with nAg
enriched TFN membranes [34]. The
antibacterial behaviour displayed by the
fabricated TFN membranes is beneficial
in minimising the growth of bacteria,
thus combating membrane biofouling.
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Figure 12 Antibacterial effect on E.coli of (a) TFC and (b) TFN membranes observed in disk
diffusion test

4.0 CONCLUSION

TFC and TFN membranes were
successfully  synthesized by the
interfacial polymerisation method over
PES supports containing oxidised multi-
walled CNTs. A comparability study on
the physico-chemical and performance
properties of CNT/PES and N-CNT/PES
supports proved that the CNT/PES
supports display far better outstanding
mechanical strength properties with
comparable pure water flux and solute
(PEG 10kDa) rejection with N-
CNT/PES supports. As such, the
inclusion of low dosages oxidised multi-
walled CNTs onto PES matrices is a far
more plausible approach in the
preparation of high performance and
high mechanical strength supports for
TFC membranes. Additionally, in-situ
generated nanosilver were successfully
formed and immobilised on the surface
of a polyamide layer of the TFC
membrane by an in-situ chemical
reduction reaction to form TFN
membrane. The TFN membrane surface

properties such as hydrophilicity and
roughness were greatly improved due to
the presence of nAg on the polyamide
layer. Pure water flux of the TFN
membrane was enhanced without
compromising the NaCl rejection
efficiency of the TFN membrane.
Furthermore, TFN membranes
fabricated showed good antibacterial
properties against the growth of E. coli
as evidence by the absence of bacterial
colonies formed on the culture plate.
The study conducted provided more
insights on modification of TFC
membrane supports using carbon-based
nanomaterial additives. Moreover, the
nanosilver modified TFN membranes
prepared displayed promising features
for application in the desalination of
brackish waters.
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