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THIN FILM COMPOSITE (TFC) MEMBRANE

• Polysulfone (PSf) is the most employed material to 
produce an ultraporous support because it is strong, 
thermal and chemically stable, cheap and easily 
accessible

• m-phenylenediamine (MPD) and trimesoyl chloride 
(TMC) are the two most comprehensively studied 
monomers used to produce the PA thin film

• The performance of thin TFC fabricated via interfacial 
polymerization can be influenced by a number of 
parameters, such as the molecular structure and 
concentration of monomers, choice of organic solvent, 
additives used, reaction time and preparation 
conditions.
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THIN FILM COMPOSITE MEMBRANE

Xie et al. Journal of Membrane Science. 403–404 (2012) 
152–161. 
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THIN FILM NANOCOMPOSITE MEMBRANE

TFN membrane is a new generation of polymeric-
inorganic composite membranes that are 

incorporated with functional inorganic 
nanomaterials with the aim of improving the 

characteristics of the TFC membranes
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HISTORICAL DEVELOPMENT OF TFN MEMBRANE
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2007- First TFN (PSf/Zeolite) 
RO membrane

1963- First asymmetric 
cellulose acetate 
membrane

2011- Commercial TFN RO module 
by NanoH2O1965- First concept of 

interfacial polymerization 
for TFC 

2012- First TFN 
FO membrane. 
(PSf/zeolite)
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MMM VS TFN Membranes

Conventional nanocomposite membrane-
Mixed Matrix Membrane

MMM belongs to a class of composite 
membranes consisting of a dispersed 
phase of inorganic fillers within a polymeric 
host matrix. 

Prepared in 1 step phase inversion 
technique

• Randomly distributed nanofillers
• high loading is needed
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THIN FILM NANOCOMPOSITE MEMBRANE

TFN provides the flexibility to modify the composite 
membrane layers to attain the preferred properties 

The distribution of nanofillers can be precisely controlled, 
i.e. deposited solely within the skin layer of the membrane 
during the IP process or throughout the substrate layer 
during the phase inversion process. 
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FABRICATION OF THIN FILM NANOCOMPOSITE MEMBRANE

Hollow Fibers

Plisko et al. Journal of Membrane Science. (2018) In Press

Flat Sheets

Ingole et al. Chemical Engineering Journal 334 (2018) 2450–2458



NANOMATERIALS 
IN TFN
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WHY NANOMATERIALS

• At nano-scale, the materials show the unique size-dependent properties 
which are significantly different from their bulk counterparts.

• The scalable size-dependent properties of nanomaterials are related to:
• High specific surface area and sorption capacity
• High selectivity
• Fast transport
• Antimicrobial 
• Mechanical strength
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CLASSES OF NANOMATERIALS

• metal oxides (TiO2, Al2O3, ZnO), 
graphene oxide

• increase productivity
• Reduce fouling of membrane

• silver, copper, CNT
• Reduce biofouling of membrane

• CNT, TNT, aquaporin
• Provide frictionless molecular 

transport to increase productivity

• CNT, graphene oxide
• Enhance tensile tensile strength to 

withstand high pressure compaction

High hydrophilicity

Fast Transport

Antibacterial properties

• zeolite, MOF
• 3-D structure to provide size-exclusion 

properties to enhance selectivity

Size-exclusion

Mechanical strength
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MODIFICATIONS OF NANOMATERIALS

In colloidal system during fabrication, if the nanoparticles are well dispersed and more stable in organic 
solvent, the advantage of these nanomaterials can be maximized
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MODIFICATIONS OF CNTs
(a) (b)

Mixed acid treatment: 
Chemical approach to 

remove impurities, 
reduce entanglement of 

CNTs and introduce 
functional groups to the 

CNT surfaces

HNO3/H2SO4
mixed acids

Amine agent such as 1,3-phenylenediamine 
(mPDA), 1,6-diaminohexane (DAH) and
4.4′-diamino diphenyl methane (DDM) to 
produce the functional amine groups (NH2) on 
their surfaces

MWCNTs

Non-ionic surfactant Triton X100
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MODIFICATIONS OF METAL OXIDE NPs 

Amino-functionalized TiO2

Kang et al. Colloids and Surfaces A: Physicochem. Eng. Aspects 501 (2016) 24–31

Silane-functionalized SiO2

Emadzadeh et al. Chemical Engineering Journal 281 (2015) 243–251

amino-functionalized TNTs might interact well with PA of 
TFC membrane when they are introduced during 
interfacial polymerization, owing to the combined action 
of electrostatic attraction and hydrogen bonding

Modification of silica NPs 
with silane agent can change 
the hydrophilicity/ 
hydrophobicity of the NPs 
and improve their dispersion 
in organic solvent

Stabilization process applied to 
γ-Fe2O3 NPs using SDS 
surfactant.



CURRENT ADVANCES
IN TFN MEMBRANE 

APPLICATION
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LIMITATIONS IN CURRENT MEMBRANE TECHNOLOGY

Robeson 
Tradeoff

Plasticization 
& swelling

Thermal and 
Mechanical 
stability to 
withstand 

harsh 
operation

LIMITATIONS IN MEMBRANE-BASED GAS SEPARATION

LIMITATIONS IN MEMBRANE-BASED LIQUID SEPARATION
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PSF/GO TFN for Water Softening

Contents lists available at ScienceDirect

Chemical Engineering Journal

journal homepage: www.elsevier.com/locate/cej

Tailor-made thin film nanocomposite membrane incorporated with
graphene oxide using novel interfacial polymerization technique for
enhanced water separation
G.S. Laia, W.J. Laua,⁎, P.S. Goha, A.F. Ismaila, Y.H. Tana, C.Y. Chonga, R. Krause-Rehbergb,
S. Awadc
a Advanced Membrane Technology Research Centre (AMTEC), Universiti Teknologi Malaysia, 81310 Skudai, Johor, Malaysia
bDepartment of Physics, Martin Luther University Halle, 06099 Halle, Germany
c Physics Department, Faculty of Science, Minia University, 61519 Minia, Egypt

H I G H L I G H T S

• GO nanosheets were successfully em-
bedded in PA layer via filtration IP
technique.

• GO nanosheets increased membrane
surface hydrophilicity and provided
nanochannels for higher permeability.

• TFN-f 0.02 showed optimum PWP
which was 31.4% higher than the
control membrane.

• TFN-f 0.02 showed 95.8% and 97.7%
rejection against Na2SO4 and MgSO4,
respectively.

G R A P H I C A L A B S T R A C T

A R T I C L E I N F O

Keywords:
Thin film nanocomposite
Interfacial polymerization
Graphene oxide
Salt rejection
Antifouling

A B S T R A C T

In this work, tailor-made graphene oxide (GO) incorporated thin film nanocomposite (TFN) membranes based on
novel interfacial polymerization (IP) technique were presented. The embedment of GO nanosheets within ul-
trathin cross-linked polyamide (PA) layer was successfully achieved without forming particle agglomeration that
could affect structural integrity. A total of five composite membranes with different GO loadings (0, 0.01, 0.02,
0.03 and 0.04 g/m2) were fabricated and these membranes were characterized using TEM, FESEM, XPS, ATR-
FTIR and contact angle goniometer to evaluate the impact of GO loading on the physicochemical properties of
PA selective layer. It is found that with the presence of GO, the TFN membranes exhibited higher surface hy-
drophilicity due to increment in hydroxyl and carboxyl groups in PA layer, hence, improved the attraction
between water molecules and membrane surface. Upon incorporation of 0.02 g/m2 of GO, the resultant TFN
membrane achieved 95.8% and 97.7% removal rate for Na2SO4 and MgSO4, respectively along with 31.4%
higher water flux than the membrane contained no GO. More importantly, this work demonstrated the broad

https://doi.org/10.1016/j.cej.2018.03.116
Received 14 January 2018; Received in revised form 20 March 2018; Accepted 21 March 2018

⁎ Corresponding author.
E-mail address: lwoeijye@utm.my (W.J. Lau).

Abbreviations: A, membrane water permeability; CA, contact angle; CNT, carbon nanotube; FO, forward osmosis; GO, graphene oxide; HNT, halloysite nanotube; IP, interfacial
polymerization; J, membrane water flux; MB, methyl blue; NF, nanofiltration; NMP, 1-methyl-2-pyrrolidinone; PA, polyamide; PIP, piperazine; PSf, polysulfone; PVP, poly-
vinylpyrrolidone; PWP, pure water permeability; RB, rose bengal; RB5, reactive black 5; RO, reverse osmosis; TFC, thin film composite; TFN, thin film nanocomposite; TMC, trimesoyl
chloride; TNT, titania nanotube
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pure water permeability (PWP) as well as salt solution permeability and
salt rejection against Na2SO4 (1000 ppm), MgSO4 (1000 ppm), MgCl2
(1000 ppm) and NaCl (1000 ppm). All filtration experiments were car-
ried out at room temperature (24 ± 1 °C) and 8 bar using 300mL feed
solution containing single solute. The pH of each feed solution con-
taining 1000 ppm of single salt is shown in Table 2.

During each experiment, a permeate sample was collected in 10min
after achieving the flux steady stage condition to determine the
permeate volume and solute concentration. This procedure was re-
peated for three times to obtain the average reading. In order to study
the reproducibility of membrane performance, the filtration test was
repeated using three different pieces of same membrane and the stan-
dard deviation was indicated as error bar in the respective data set.
Membrane water flux, J (L/m2·h) and water permeability, A (L/
m2·h·bar) were calculated using Eqs. (5) and (6), respectively.

=J V
A t
∆
∆m (5)

=A J
P∆ (6)

where ΔV is the permeate volume collected over a specific time (L), Am

is the effective membrane area (m2), Δt is the time used to collect
permeate (h) and ΔP is the operating pressure. The membrane solute
rejection, R (%) was calculated using Eq. (7).

⎜ ⎟= ⎛⎝ − ⎞⎠×R
C
C

1 100p

f (7)

where Cf and Cp are the solute concentration in feed and permeate
solution, respectively. A bench conductivity meter (Jenway 4520) was
used to measure the salt concentration in the feed and permeate solu-
tion for salt rejection test.

To evaluate the membrane antifouling behavior, TFC and TFN
membranes were subjected to a prolonged filtration test (up to 3 h)
using 300mL feed aqueous solution containing 500 ppm of single dye.
The water flux change as a function of filtration time was recorded at
every 15min. Normalized permeability of the membrane (A/Ao) was
then calculated to study the membrane fouling resistance. An UV–vis
spectrophotometer (DR5000™, Hach) was used to determine the dye
concentration in the feed and permeate samples at specific wavelength,
depending on the type of dye dissolved in aqueous solution (Table 3).

3. Results and discussion

3.1. Effect of GO loading on membrane chemistry

ATR-FTIR spectra of all composite membranes over wavelength
range of 4000–650 cm−1 are presented in Fig. 3. It must be noted that
the peaks belonging to PSf and PA layers were sampled in the wave-
length region due to relatively high penetration depth (> 300 nm) of
the ATR-FTIR that exceeded PA layer thickness [25]. A typical spectrum
for substrate detected at 1500, 1240 and 1150 cm−1 are attributed to
the CeH symmetric deformation vibration of C(CH3)2, CeOeC asym-
metric stretching vibration of the aryl-O-aryl group and symmetric SO2

stretching vibration of PSf, respectively [26]. A prominent peak at
1620 cm−1 (associated with C]O of amide I band) was observed for all
TFC membranes which confirmed the formation of semi-aromatic poly
(piperazine-amide) selective layer [7]. With increasing GO amount in
the PA layer, more intense peaks at 3425 and 2900–3000 cm−1 were
found. These peaks were attributed to stretching of eOH and aromatic
CeH bands of GO, respectively. As illustrated in Fig. 4, GOs are able to
interact with terminal amides and carboxyl groups of poly(piperazine-
amide) via hydrogen and carboxylic acid anhydride bonding [27].

XPS analysis was conducted to determine the surface elemental
composition and cross-linking degree of PA active layer as X-ray beam

Fig. 2. Schematic flow diagram of TFN membrane fabrication via filtration IP technique.

Table 1
Specific amount of GO used to fabricate a series of TFN membranes.

Membrane GO loading on substrate
surface (g/m2)

Concentration of GO aqueous
solution (w/v%)

TFC-f (control) – –
TFN-f 0.01 0.01 0.00043
TFN-f 0.02 0.02 0.00087
TFN-f 0.03 0.03 0.00130
TFN-f 0.04 0.04 0.00173

Table 2
The measured pH of 1000 ppm of single salt solution.

Type of salt Solution pH

Sodium sulfate 6.17 ± 0.01
Magnesium sulfate 6.30 ± 0.01
Magnesium chloride 6.75 ± 0.01
Sodium chloride 6.11 ± 0.02
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GO is introduced on top of PSf substrate through 
vacuum filtration method, followed by interfacial 
polymerization to form polyamide layer. that a thin and dense PA layer was formed with thickness of 82.5 nm.

When GO was introduced, it acted as an interlayer providing large re-
action zone for PIP and TMC during IP process. As a result, the PA
tended to propagate downwards the substrate instead of growing lat-
erally due to lower growth resistance [30]. Hence, a thicker but porous
PA layer with larger nodular structures was formed as shown in the
TFN-f membranes incorporated with GO. It must be pointed out that
when GO loading exceeded a threshold value (> 0.02 g/m2), significant
cavities were detected between PA and PSf layer. This problem is
mainly caused by the agglomeration of GO that affects PA integrity and
further reduces its cross-linking degree.

To further investigate the effects of GO loadings on the structure of
the PA layer, PAS measurements were performed to obtain the DBES
spectra. From the S parameter, the variation of the free volume in the
PA layer can be estimated due to the positron implant process. As
shown in Fig. 8, the S parameter of all three membranes increased ra-
pidly at positron incident energy less than 0.5 keV due to the scattering
and back diffusion of the positron annihilation after directing the po-
sitron beam towards the membrane surface. As the positron incident
energy increased, the S parameters of the membranes increased gra-
dually, showing that the positron beam penetrated into the PA layer. At
positron incident energy greater than 10 keV, the S parameters of all
membranes were almost similar and constant as the beam reached the
porous PSf substrate. Thus, the PA region (at positron incident energy
from 0.5 to 10 keV) was compared for each membrane. As can be seen,
the S parameter was the highest for TFN-f 0.04 membrane and this
indicated that the free volume size of its PA layer was larger than that of
the TFC-f and TFN-f 0.02 membrane. The results were in good agree-
ment with the FESEM image and XPS results of the TFN-f 0.04 mem-
brane. On the other hand, the S parameter of TFN-f 0.02 membrane was
slightly lower than TFC-f membrane, reflecting its smaller free volume
than that of TFC-f membrane.

3.3. Effect of GO loading on membrane surface hydrophilicity

Fig. 9 presents the water contact angle profile of composite mem-
branes as a function of time. It is reported that upon incorporation with

GO, all the TFN-f membranes exhibited lower contact angles than that
of TFC-f membrane at the initial stage of measurement. The hydrophilic
nanomaterial indeed made the resultant membranes more hydrophilic
as all the TFN-f membranes demonstrated rapid change in water contact
angle compared to the control membrane. With increasing GO amount
in the PA layer, the water contact angle took shorter time to reach 5°.
The wettability enhancement is mainly due to the superior hydro-
philicity of GO that possesses abundant amount of hydroxyl groups.
These unique structures of GO enable the membrane surface to bond a
large amount of water molecules which in turns, forming a hydration
layer that promote fast permeation of water molecules through the
membrane.

3.4. Membrane filtration performance

Fig. 10 shows the effect of GO loading on the water permeability of
composite membranes in filtering pure water and aqueous salt solu-
tions. PWP of membrane increased from 3.11 to 4.93 L/m2·h·bar with
increasing GO loading from zero to 0.04 g/m2, recording approximately
60% flux enhancement. The increase in PWP of membranes could be
attributed mainly to improved surface hydrophilicity and partly to in-
creased effective surface area (rougher surface) upon introduction of
GO into PA layer of composite membranes. The oxidized and non-oxi-
dized regions of GO are able to draw water molecules faster and provide
frictionless surface that facilitate flow of water molecules through
membrane matrix [20,31]. Moreover, the interconnected nanochannels
formed between GO nanosheets could further enhance the permeation
of water molecules through the membrane [32,33]. Even though TFN-f
0.04 membrane exhibited the highest PWP, a large fluctuation in fil-
tration data was experienced. This is due to formation of poor structural
integrity of PA layer as discussed earlier. As shown in Fig. S2(b), the PA
layer is likely to detach from substrate surface when fluid shear exists
during filtration period. Depending on the degree of delamination, it
causes the membrane performance to vary significantly. Thus, it can be
said that lower GO amount seems more advisable to produce membrane
with improved and consistent performance. With respect to salt se-
paration experiment, similar increasing trend was recorded as the PWP

Fig. 5. TEM cross-sectional images of (a, b) TFC-f and (c, d) TFN-f 0.02 membranes at two different scales.

G.S. Lai et al. &KHPLFDO�(QJLQHHULQJ�-RXUQDO���������������²���

���

that a thin and dense PA layer was formed with thickness of 82.5 nm.
When GO was introduced, it acted as an interlayer providing large re-
action zone for PIP and TMC during IP process. As a result, the PA
tended to propagate downwards the substrate instead of growing lat-
erally due to lower growth resistance [30]. Hence, a thicker but porous
PA layer with larger nodular structures was formed as shown in the
TFN-f membranes incorporated with GO. It must be pointed out that
when GO loading exceeded a threshold value (> 0.02 g/m2), significant
cavities were detected between PA and PSf layer. This problem is
mainly caused by the agglomeration of GO that affects PA integrity and
further reduces its cross-linking degree.

To further investigate the effects of GO loadings on the structure of
the PA layer, PAS measurements were performed to obtain the DBES
spectra. From the S parameter, the variation of the free volume in the
PA layer can be estimated due to the positron implant process. As
shown in Fig. 8, the S parameter of all three membranes increased ra-
pidly at positron incident energy less than 0.5 keV due to the scattering
and back diffusion of the positron annihilation after directing the po-
sitron beam towards the membrane surface. As the positron incident
energy increased, the S parameters of the membranes increased gra-
dually, showing that the positron beam penetrated into the PA layer. At
positron incident energy greater than 10 keV, the S parameters of all
membranes were almost similar and constant as the beam reached the
porous PSf substrate. Thus, the PA region (at positron incident energy
from 0.5 to 10 keV) was compared for each membrane. As can be seen,
the S parameter was the highest for TFN-f 0.04 membrane and this
indicated that the free volume size of its PA layer was larger than that of
the TFC-f and TFN-f 0.02 membrane. The results were in good agree-
ment with the FESEM image and XPS results of the TFN-f 0.04 mem-
brane. On the other hand, the S parameter of TFN-f 0.02 membrane was
slightly lower than TFC-f membrane, reflecting its smaller free volume
than that of TFC-f membrane.

3.3. Effect of GO loading on membrane surface hydrophilicity

Fig. 9 presents the water contact angle profile of composite mem-
branes as a function of time. It is reported that upon incorporation with

GO, all the TFN-f membranes exhibited lower contact angles than that
of TFC-f membrane at the initial stage of measurement. The hydrophilic
nanomaterial indeed made the resultant membranes more hydrophilic
as all the TFN-f membranes demonstrated rapid change in water contact
angle compared to the control membrane. With increasing GO amount
in the PA layer, the water contact angle took shorter time to reach 5°.
The wettability enhancement is mainly due to the superior hydro-
philicity of GO that possesses abundant amount of hydroxyl groups.
These unique structures of GO enable the membrane surface to bond a
large amount of water molecules which in turns, forming a hydration
layer that promote fast permeation of water molecules through the
membrane.

3.4. Membrane filtration performance

Fig. 10 shows the effect of GO loading on the water permeability of
composite membranes in filtering pure water and aqueous salt solu-
tions. PWP of membrane increased from 3.11 to 4.93 L/m2·h·bar with
increasing GO loading from zero to 0.04 g/m2, recording approximately
60% flux enhancement. The increase in PWP of membranes could be
attributed mainly to improved surface hydrophilicity and partly to in-
creased effective surface area (rougher surface) upon introduction of
GO into PA layer of composite membranes. The oxidized and non-oxi-
dized regions of GO are able to draw water molecules faster and provide
frictionless surface that facilitate flow of water molecules through
membrane matrix [20,31]. Moreover, the interconnected nanochannels
formed between GO nanosheets could further enhance the permeation
of water molecules through the membrane [32,33]. Even though TFN-f
0.04 membrane exhibited the highest PWP, a large fluctuation in fil-
tration data was experienced. This is due to formation of poor structural
integrity of PA layer as discussed earlier. As shown in Fig. S2(b), the PA
layer is likely to detach from substrate surface when fluid shear exists
during filtration period. Depending on the degree of delamination, it
causes the membrane performance to vary significantly. Thus, it can be
said that lower GO amount seems more advisable to produce membrane
with improved and consistent performance. With respect to salt se-
paration experiment, similar increasing trend was recorded as the PWP

Fig. 5. TEM cross-sectional images of (a, b) TFC-f and (c, d) TFN-f 0.02 membranes at two different scales.
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results, i.e., salt solution permeability increased with increasing GO
loading in the PA layer.

The full range of rejection behavior for the fabricated membranes
was further evaluated by studying their rejection against single salt
solution and the results are shown in Fig. 11. It is found that all the
membranes (except TFN-f 0.04) followed similar trend in rejecting
mono- and divalent salts as reported elsewhere [34], i.e., R
(Na2SO4) > R(NaCl) and R(MgSO4) > R(MgCl2). These membranes
showed the highest rejection against MgSO4 followed by Na2SO4 and
MgCl2. Their rejection against NaCl meanwhile was significantly low,
recording 20–40% removal rate. According to the Donnan exclusion
principle, the negatively charged poly(piperazine-amide) membranes
tend to repulse high-valent anion, resulting in high rejection rate
against salts containing high-valent anion (e.g., Na2SO4 and MgSO4) in
comparison to the salts containing low-valent anion (e.g., MgCl2 and
NaCl) [35,36].

From Fig. 11, it can also be found that the salt rejection of composite
membrane increased slightly with increasing GO loading from zero to
0.02 g/m2. The findings are consistent with the XPS analysis that

confirmed the increase in PA cross-linking degree. Higher PA cross-
linking degree is normally corresponded to better salt rejection rate.
However, when the membranes contained much higher amount of GO
as in the case of TFN-f 0.03 and TFN-f 0.04, it affected the degree of PA
cross-linking and resulted in lower salt rejection as evidenced. From the
experimental results, it can be concluded that the TFN-f 0.02 membrane
is the best tailor-made membrane by taking into consideration its im-
proved water permeability (31.4% higher than TFC-f membrane) and
salt removal rates (compared to the TFN-f 0.03 and TFN-f 0.04).

3.5. Membrane antifouling behavior

In order to study the membrane antifouling behavior, the resistance
of TFC-f (control) and TFN-f 0.02 (with optimum GO loading) against
three different dye solutions has been evaluated. Fig. 12 shows the
membrane rejection rate against different dye components while Fig. 13
presents the normalized water permeability of membranes tested up to
3 h. It is found that both membranes were able to achieve excellent
colour removal (minimum 96.0%) regardless of the type of dye. How-
ever, the composite membranes in general showed higher rejection for
RB compared to the RB5 and MB. This is due to the higher molecular
weight of RB.

As dyes are highly rejected by the composite membranes, deposition

Fig. 8. S parameter of DBES measurements as a function of positron energy for
polyamide composite membrane.

Fig. 9. Contact angle of composite membranes with the function of time. The
inserted photos show the initial and final contact angle during the measure-
ment.

Fig. 10. Pure water permeability and salt solution permeabilities of the com-
posite membranes.

Fig. 11. Rejection of the composite membranes in filtrating different types of
salts.
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The flux of GO-TFN (0.02 wt% GO) is 
increased by 30% compared to TFC 
counterpart, up to 4.45L/m2·h·bar 
without compromising the salt rejection. 
(95.8% and 97.7% rejection against 
Na2SO4 and MgSO4, respectively.)

Role of GO:
Increase hydrophilicity to improve flux 
and mitigate fouling

G.S. Lai, W.J. Lau, P.S. Goh, AF. Ismail Chemical Engineering Journal 344 (2018) 524–534 
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PSF/MWCNT-TNT TFN for Desalination

I.Wan Azelee, P.S. Goh et al. Journal of Cleaner Production 514  (2018) 622-635

MWCNT-TNT a-MWCNT-TNT

Type of nanoparticle Charge

MWCNT-TNT hybrid -8.95 mV

a-MWCNT-TNT hybrid 26.60 mV 

0.47
0.62

0.74

80

82

84

86

88

90

92

94

96

98

100

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

TFC MWCNT-TNT/TFN a-MWCNT-TNT/TFN

20
00

pp
m

 S
al

t R
ej

ec
tio

n 
(%

)

W
at

er
 P

er
m

ea
bi

lit
y,

 A
 (L

/m
2 h

 b
ar

)

Water Permeability NaCl Rejection

a-MWCNT-TNT improved the surface properties of the 
membrane in term of surface charge, surface 
roughness and contact angle. 

MWCNT-TNT hybrid was synthesized by 
hydrothermal method (ratio 
MWCNT:TiO2=1:5) followed by acid 
treatment using HCl

The highest water permeability of 0.74 L/m2 h bar was achieved for the 
TFN membrane containing 0.05 wt% acid treated MWCNT-TNT, which 
is approximately 57.45% than that of the neat TFC membrane. 
The NaCl and Na2SO4 rejection of this membrane was 97.97% and 
98.07%
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Highly Permeable and Selective PSF/GO for Carbon Dioxide Removal 

profound implication on the membrane overall separation efficiency
through the suppression of non-selective interface gaps formation
(Wang et al., 2015a). Since the GO employed in this study was not
functionalized, the relatively lower degree of enhancement on CO2

selectivity of TFN compared to Shen's and Dai's MMMs was expected
due to formation of non-selective filler-polymer interface gaps. A point
to be taken here is the importance of filler functionalization that af-
forded better CO2 selectiveness and possibility of enhancing the se-
paration performance of TFN by functionalizing the filler with materials
that are both CO2-selective and compatible with PA matrix.

The same research group has also studied the effects of 2D mo-
lybdenum disulfide (MoS2) on the CO2 separation performance of
MMM. The CO2/N2 selectivity was doubled from 44 to 93 with the
addition of 0.15 wt% MoS2. Although the MMMs of both studies
showed good CO2 selectiveness, similar to Ebrahimi's MMM, the CO2

permeance of Shen's HPEI-GO MMM (31 GPU) and MoS2 MMM (17
GPU) is 3–5 times lower than TFN-0.5. The main reason to the relatively
low CO2 permeance of all three MMM discussed above is the thickness
(few microns) of the skin layers which arise from the limitation of
coating technique employed and the change in viscosity of dope solu-
tion with nanofiller addition. Hence, the relatively thinner (> 10 times
thinner than those reported for MMMs) selective layer produced via IP

technique is the main contributor for the high permeability of TFN.
Zahri et al. fabricated GO-MMM that exhibited CO2 permeance of

74.5 GPU with CO2/N2 and CO2/CH4 selectivities of 44 and 30, re-
spectively by incorporating 0.8 wt% of GO. While the use of 0.8 wt% of
fillers is noticeably lower compared to others studies (typical filler
loading range from 10 wt% to 20 wt%) (Guo et al., 2015; Nasir et al.,
2015), assuming a 13 cm× 13 cm sheet of membrane weight 1.5 g
(weight of same size commercial PSf membrane), 0.012 g of GO will be
required to produce the GO-MMM. Meanwhile, in our present study,
only 0.0075 g of GO (15 mL of 0.5 g/L filler suspended solution was
used) was required to obtain TFN-0.5 which gave comparable separa-
tion efficiency (CO2 permeance = 92.4 GPU, =α 41N

CO
2
2 , =α 25CH

CO
4
2 ).

This translates to approximately 38% material saving. It is worth noting
that only 2 bar feed pressure was required to drive the TFN-0.5 se-
paration whereas the GO-MMM required 5 bar feed pressure. These
outcomes supported the idea that TFN fabrication could potentially be a
way forward for producing high performing membrane economically.

Despite the potential shown by TFN in CO2 separation, the perfor-
mance of TFN prepared in this study is inadequate compared to some of
the recent outstanding efforts. One of the best example is the work done
by Qiao et al. (2016) which involves the attachment of montmorillonite
(MT) sheets vertically on the surface of PSf support using

Fig. 7. Possible gas transport mechanisms displayed by GO-TFN; (A) diffusion of small gas is less restricted by the PA network, (B and C) introduction of voids and tortuous paths within
the PA layer and (D) high CO2 affinity induced by the presence of functional groups.
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nodules. It is noted that all resulted composite membranes have
rougher surface than the PSf support.

3.3. Separation performance of fabricated membranes

Table 2 depicts that the addition of GO into the PA layer greatly
enhanced the membranes separation performance. The permeance of
all test gases increased monotonously as the GO loading was increased
up to 0.5 g/L. Notably, the CO2 permeance of TFNs increased by 48%
(62.5 GPU), 76% (74.5 GPU) and 119% (92.4 GPU) compared to the
TFC (neat membrane, 42.2 GPU) when 0.1 g/L, 0.25 g/L and 0.5 g/L of
GO were added respectively. The establishment of lax PA network
discussed earlier could have given rise to more permeable thin film
structure that elevated the gas transport rate. However, this factor does
not account for the boost in TFN selectivity as underdeveloped

polymeric crosslinking often tax on the membrane molecular sieving
ability. It is believed that other gas separation mechanisms have con-
tributed to the enhancement.

Based on Fig. 6A, it is apparent that the extent of increment in CO2

permeance is consistently greater than N2 and CH4 when GO loading
was ≤0.5 g/L. There are few explanations for this observation. The
graphical representation of the possible mechanisms is shown in Fig. 7.
Firstly, the insertion of GO into the PA matrix could introduce transport
channels in the form of GO sheets interlayer spacing and GO-PA in-
terface gaps (Fig. 7B). Once entered these passages, gas molecules can
take advantage of the smooth graphitic surface of GO to slip across the
film layer rapidly (Chae et al., 2014). While all gases could have
benefited from this mechanism, being the smallest among the tested
gases (CO2 = 3.3 Å, N2 = 3.6 Å, CH4 = 3.8 Å), CO2 could access the
passages more easily (Fig. 7A). Secondly, the availability of large
number of functional groups, especially eOH and eCOOH, on the GO
surface can interact with CO2 through coulombic forces which drawn
the gas toward the passages (Fig. 7D) (Zhao et al., 2015). This also led
to higher CO2 solubility in the membrane which in turn boosted the gas
permeance. Thirdly, convoluted permeation paths may be created when
a collective of well-dispersed but impenetrable GO sheets orientate
perpendicular to the diffusion direction and assemble into maze-like
structures (Fig. 7C) (Athanasekou et al., 2016). Since the maze-like
structure extended the travel span, larger gas molecules experienced
greater overall resistance across the PA film and permeated slower.

Although the CO2/N2 and CO2/CH4 selectivities of TFNs displayed
similar enhancement trend as the CO2 permeance, it is noted that both
selectivities peak at 0.25 g/L GO loading ( =α 43.9N

CO
2
2 , =α 28.0CH

CO
4
2 )

Fig. 5. Surface (top) and cross section (bottom) morphologies of (A) TFC, (B) TFN-0.1, (C) TFN-0.25, (D) TFN-0.5 and (E) TFN-1.0 obtained using FESEM at×5k and×10k magnification
respectively.

Table 1
Membrane information summarized from FESEM and AFM analysis.

Sample Estimated thickness (μm) Roughness (nm)

PA layer entire
membrane

average
plane, Ra

root mean
square, Rq

peak-to-
valley, Rt

PSf – 181 10.28 13.15 130.7
TFC 0.276 183 44.32 56.90 351.4
TFN-0.1 0.276 183 41.62 52.15 315.2
TFN-0.25 0.278 183 36.45 45.08 315.0
TFN-0.5 0.277 183 41.54 54.29 328.5
TFN-1.0 0.280 181 54.94 68.81 405.0
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Surface and cross sectional morphology of TFN with 
GO introduced to the PA layer through interfacial 
polymerization. Substrate consist of PSF porous 
membrane 

Role of GO: 
•Gas molecules can take advantage of the smooth graphitic 
surface of GO to slip across the film layer rapidly -CO2 could access 
the passages more easily. 
•Functional groups on GO led to higher CO2 solubility in the 
membrane which in turn increase the gas permeance. 
•The best sample, TFN with 0.5 GO, exhibited CO2 permeance of 
92.4 GPU with CO2/N2 and CO2/CH4 separation factor of 41 and 
25 respectively. 
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CHALLENGES- CLOSE THE GAPS

• Agglomeration of nanoparticles
• Alignment and orientation of nanoparticles
• Reproducibility
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FUTURE OUTLOOK



Innovative • Entrepreneurial  • Global 

CONCLUSION

• The development of TFC membrane represents a breakthrough in water and 
wastewater treatment (RO, FO, NF) as well as gas separation

• The introduction of inorganic fillers into TFC show attractive characteristics in 
improving TFN membrane in terms of productivity, selectivity, fouling and 
chlorine resistance. 

• The main challenges encountered during TFN membrane fabrication are 
related to the agglomeration of nanomaterials and their poor dispersion in non-
polar organic solvent

• More research in this area is still needed to develop TFN membrane with 
greater performance efficiency, reliability and stability for industrial 
implementation. 
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