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ABSTRACT  
Thin-film nanocomposite (TFN) membranes with a polyamide (PA) active layer modified with 
carbon nanotubes (CNTs) hold promise for water desalination and wastewater reuse via forward 
osmosis (FO). We hypothesise that modifying the PA active layer with hydroxyl-functionalised 
multi-wall carbon nanotubes (f-MWCNTs) will enhance the water flux of the FO membrane 
while maximising salt rejection. TFN membranes were modified using in situ interfacial 
polymerisation, with varying f-MWCNT mass content to minimise agglomeration. These 
modified FO membranes are designated as CTFN-x, where x represents the mass content of f- 
MWCNTs, ranging from 0.001%, CTFN-1 to 0.008%, CTFN-8 (w/v). The surface properties of 
CTFN-x were characterised using electron microscopy, atomic force microscopy, and molecular 
spectroscopy. IR spectroscopic data confirm the successful adherence of f-MWCNTs as a 
bridging agent between the 1,3-phenylenediamine (MPD) and trimesoyl chloride (TMC) 
polymers, preserving FO membrane integrity. The CTFN-4 FO membrane shows the highest 
water flux (29 LMH) and the lowest reverse salt flux (2.90 gHM), attributed to preferential water 
flow channels in the f-MWCNTs. The integration of f-MWCNTs into the active layer improved 
water flux, reduced reverse salt flux, and enhanced the antifouling properties of FO membranes.

ARTICLE HISTORY
Received 4 April 2024 
Accepted 26 August 2024  

KEYWORDS  
Multi-walled carbon 
nanotubes; forward osmosis 
membranes; membrane 
fouling; hydroxyl functional 
groups

1. Introduction

Forward osmosis (FO) membrane treatment is an emer-
ging and attractive supplement to widely used pressure- 
driven membrane technologies for water desalination, 
addressing the needs of over 9 billion people facing 
water scarcity globally [1]. However, FO technology’s 
efficiency faces challenges including internal concen-
tration polarisation (ICP), reverse salt flux, membrane 

fouling [2], and draw solution selection [3]. Thus, modify-
ing the FO membrane layers with functionalised multi- 
walled carbon nanotubes (f-MWCNTs) is crucial 
because of their unique adjustable properties[4,5]. 
These properties include selective solute sieving [6], 
decreased roughness [7], enhanced hydrophilicity [7], 
improved charge characteristics, better water flux[7], 
reduced biofouling propensity[8], and greater durability 

© 2024 Informa UK Limited, trading as Taylor & Francis Group 

CONTACT  Rohan Weerasooriya rohan.we@nifs.ac.lk Centre for Water Quality Research, National Institute of Fundamental Studies, Kandy 20000, Sri 
Lanka

Supplemental data for this article can be accessed online at https://doi.org/10.1080/09593330.2024.2401644.

ENVIRONMENTAL TECHNOLOGY 
https://doi.org/10.1080/09593330.2024.2401644

http://crossmark.crossref.org/dialog/?doi=10.1080/09593330.2024.2401644&domain=pdf&date_stamp=2024-09-12
http://orcid.org/0000-0003-2762-7498
mailto:rohan.we@nifs.ac.lk
https://doi.org/10.1080/09593330.2024.2401644
http://www.tandfonline.com


[9]. Most modifications using f-MWCNTs have focused on 
enhancing the performance of the polyamide (PA) active 
layer. Incorporating f-MWCNTs into the PA layer creates 
controlled water flow routes in the membranes and can 
increase flux through both internal and external water 
transport mechanisms[10]. Water moves along a friction-
less path through the f-MWCNTs, whose functional 
groups can be tuned to facilitate selective solute 
rejection.

Amini et al. [11] functionalised the PA active layer of 
the FO membrane with amino-functionalised – 
MWCNTs (NH2-MWCNTs) to enhance its performance 
[11]. These modifications increased the water flux of 
the FO membrane while reducing solute flux, attributed 
to the narrowing of water transport channels and the 
covering of PA layer pores by f-MWCNTs [12]. Carboxy-
late functionalised MWCNTs demonstrated enhanced 
water flux due to aligned carbon nanotubes, increased 
hydrophilicity, and larger specific surface area [13]. 
However, only a few discussions have focused on apply-
ing hydroxyl-functionalised MWCNTs in the active layer 
of the forward osmosis membrane. Further previously, 
always f-MWCNT mass concentrations over 0.01% (w/v) 
were used to functionalise the PA active layer, which 
may agglomerate the substrate thus reducing the per-
formance of the FO membranes.

However, the bonding efficiency of amino (-NH2) or 
carboxyl (-COOH) functional groups in MWCNTs 
through to the active layer polymers such as 1,3-pheny-
lenediamine (MPD) and trimesoyl chloride (TMC) is 
somewhat limited due to the reduced accessibility of 
the functional groups to the reactive sites on TMC and 
MPD [7]. This indicates the need for re-assessing the 
threshold mass of f-MWCNTs and evaluating the relative 
chemical strengths of the organic groups used in 
MWCNT functionalization for the PA layer activation.

The intrinsic MWCNTs are dominated by -COOH and 
hydroxyl (-OH) groups. In TFC membrane formation, 
TMC reacts with MPD support to form polyamide struc-
tures. We hypothesise that the low content of carboxyl 
groups in hydroxyl functionalised MWCNTs enhances 
the interaction with the amide groups of MPD. Then 
TMC is added to this composite, and the acyl chloride 
groups on TMC condense with the -OH groups of 
MWCNTs, generating PA chains and ester bonds [7]. 
However, these excess –OH groups on MWCNTs 
disrupt the interaction between MPD and TMC and 
increase polymer crosslinking through mainly functional 
groups of f-MWCNTs. This process improves the dis-
persion of the modifier and enhances the mechanical 
and chemical properties of the membrane.

The formation of cross-linked polymers (such as TMC/ 
MPD) network through f-MWCNTs, resulting in a thin 

active layer on the PSU support layer. Thus, we hypoth-
esised decreased surface roughness, porosity, and 
increased negative charge, thereby enhancing the mem-
brane’s structural integrity, permeability, and selectivity, 
ultimately improving separation and desalination 
efficiency. Compared to strongly acidic -SO3H or 
-COOH organic groups, the -OH groups may induce a 
net negative charge on the PA layer which may block 
the pass of charged solutes through internal or external 
water transport routes resulting in a salinity cut-off. 
Therefore, we functionalised the active PA layer of FO 
membranes with hydroxyl-functionalised MWCNTs for 
water desalination. We also examined the optimal f- 
MWCNT mass below 0.01% (w/v) for enhanced water 
flux and reduced reverse salt flux. Employing an in situ 
interfacial polymerisation method, we fabricated TFN- 
FO membranes incorporating low masses (<0.01% (w/ 
v)) of f-MWCNTs, denoted as CTFN-x. Through permeate 
flux, reverse salt rejection ratios, and zeta potential 
measurements, we evaluated the hydraulic performance 
of CTFN-x membranes relative to f-MWCNT content. 
Additionally, we postulated a mechanism for in situ poly-
merisation of f-MWCNTs and TFC based on molecular 
spectroscopic data.

2. Materials and methods

2.1. Materials

Multi-walled carbon nanotubes functionalised with 
hydroxyl groups (outer diameter = 8 nm, typical length  
= 10–30 µm, -OH content = 5.58 wt%, 95% purity, here-
after f-MWCNTs) were purchased from Chengdu 
Organic Chemicals (China). Polysulfone (PSU) beads, 
dimethylacetamide (DMAc), n-hexane (97% purity, anhy-
drous), sodium chloride (NaCl, 99.5% purity), sodium 
alginate (SA, Mw: 98.11), potassium dihydrogen phos-
phate (KH2PO4, 99.5% purity), magnesium sulfate 
(MgSO4, 99% purity), sodium bicarbonate (NaHCO3, 
99.5% purity), calcium chloride (CaCl2, 96% purity) and 
ammonium chloride (NH4Cl, 99.5% purity) were 
obtained from Kelong (China). Before use, the trimesoyl 
chloride (TMC, 98% purity, Sigma-Aldrich) and m-pheny-
lenediamine (MPD, 99.5% purity, Sigma-Aldrich) were 
kept in a refrigerator.

2.2. Preparation of PSU membrane substrates

The mesh-embedded PSU substrate was fabricated 
using non-solvent-induced phase separation (NIPS). To 
prepare the substrate, 15% w/v PSU beads (15 g of 
PSU per 100 mL of solution) were dissolved in DMAc 
under continuous stirring for 24 h to form a 
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homogeneous and transparent solution. The solution 
was then kept overnight and degassed at ambient 
room temperature before casting. The polymer solution 
was cast onto a pre-cleaned glass plate using a 100 μm 
casting knife for uniform dispersion. The plate was 
then rapidly immersed into a coagulation bath, where 
it was kept for 10 min at room temperature to facilitate 
the NIPS process. The resulting membrane was pre-
served in pure water at 5°C until further use.

2.3. Fabrication of polyamide active layer

The thin-film polyamide layer with f-MWCNT incorpor-
ation was fabricated on the membrane using in situ inter-
facial polymerisation [14]. Various mass proportions of f- 
MWCNT in a 2% (w/v) MPD solution were used, with f- 
MWCNT mass ranging from 0.001% to 0.008% (w/v). 
The membrane substrate was first rinsed with DI water 
for one minute, followed by a two-minute immersion to 
dissolve impurities. Excess MPD solution was removed 
using a rubber roller, and the substrate was dried in a 
fume hood for several minutes. To induce interfacial poly-
merisation (IP), a 0.15% (w/v) TMC/n-hexane solution was 
mixed with the saturated membrane substrates for one 
minute. After removing excess TMC, the membranes 
were air-dried and oven-dried at 60°C for two minutes. 
The membranes were labelled as TFC (0.0% f-MWCNT) 
and CTFN-x (where x varies from 1 to 8, corresponding 
to 0.001% to 0.008% f-MWCNT mass). Finally, the mem-
branes were placed in distilled water at 4°C before com-
mencing osmosis performance tests.

2.4. Characterisation of TFC and CTFN-x 
membranes

The morphology and micro-structures of PSU substrates 
and TFC-FO membranes were observed using a field- 
emission scanning electron microscope. (FESEM, JSM- 
7800F, JEOL, Japan). Before SEM imaging, the samples 
were vacuum-dried at 30 °C for 12 h and coated with 
Au by sputtering. (SCD 050 BAL-TEC, Germany). The inter-
actions between f-MWCNTs and PA were determined 
using Fourier transform infrared spectroscopy (Cary 630, 
Agilent Technologies, USA) and Raman spectroscopy 
against 785 nm excitation (inVia™ Raman microscope, 
Renishaw®, UK). The surface hydrophilicity was deter-
mined at room temperature by contact angle measure-
ments using an optical goniometer (DSA100, KRÜ SS) 
equipped with a video-capturing device; five measure-
ments were averaged. For topological and roughness 
measurements, stripped membranes were placed on 
cover-slip glasses2. Atomic force microscopic measure-
ments were used to determine the roughness of the 

membranes (TT2AFM, AFM workshop, USA). The surface 
functionality and surface charge characteristics of the 
membranes were analyzed using an electro-kinetic analy-
zer using a clamping cell sampling accessory (SurPASS™ 
3, Anton Paar GmbH, Austria). Membrane samples of 
minimum 35 mm × 15 mm dimensions were mounted 
with the asymmetric configuration on the clamping Cell 
used for zeta potential measurements on planar surfaces 
using 0.05M HCl or 0.05M NaOH in 0.001M KCl for pH 
adjustments.

2.5. Determination of osmosis performance

The cross-flow FO filtration system was used to measure 
the water flux (Jw) and reverse salt flux (Js), of TFC and 
CTFN-x membranes with an effective membrane area 
of 42 cm2. On one side of the cell, the feed solution 
(FS) and on the other side draw solution (DS) were 
pumped through the membrane surface at a 6.40 cm3/ 
s flow rate. In the active layer facing FS orientation, 1 
M NaCl, and DI water were employed as draw solution 
and feed solution, respectively. On the other side, the 
change in FS conductivity and DS weight were moni-
tored through a conductivity metre (DDSJ-308A, INESA 
Scientific, USA) and a digital balance (BSA6202S-CW, Sar-
torius, Germany) connected to a computer. To confirm 
the stable average readings, data were acquired every 
two minutes, and the whole procedure was repeated 
three times. The Jw (Lm−2h−1 referred to as LMH) was cal-
culated by Equation 1:

Jw =
DV

Am × Dt
(1) 

The draw solution changes volume ΔV (L) at intervals of 
time Δt (h), with an effective membrane surface area of 
Am (m2). Water density is 1000 g/L. The Js (gm−2h−1 or 
referred to as gMH) can be calculated from these 
values by Equation 2:

Js =
CtVt

AmDt
(2) 

Where Ct (g/L) is salt concentration and Vt (L) is the 
volume of FO feed solution.

2.6. Antifouling test

The TFC membrane fouling test was conducted in FO 
mode at 25 °C using sodium alginate as the organic 
foulant. Two types of synthetic wastewater were 
employed as the feed. Feed solution −1 (FS-1) was pre-
pared by dissolving 0.45 mM KH2PO4, 9.20 mM NaCl, 
0.61 mM MgSO4, 0.5 mM NaHCO3, 0.5 mM CaCl2, and 
0.93 mM NH4Cl in DI water with pH adjusted to 7.4; 
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and feed solution-2 is of the same composition but with 
250 mg/L sodium alginate added. Due to the large 
amount of draw solution used (1.5 L), its dilution 
effects are negligible. The FO cell was allowed to stabil-
ise water flux for 1 h using distilled water (feed water) 
and draw solutions (2M NaCl) under cross-flow mode. 
Then the feed solution was transferred to FS-1 while 
2M NaCl was used as the draw solution. After 1 h stabil-
isation time, the initial flux was recorded (Jwo). Afterward, 
the feed solution was switched to FS-2 under the same 
draw solution conditions to initiate the rapid fouling 
process for 1080 min. The permeate flux, Jt was also 
recorded. The flow rates of all feed and draw solutions 
were maintained at 0.3 L/min (150 rpm) for all the 
above stages. Following the fouling test, the system 
was promptly and effectively cleaned by circulating a 
15 mM NaCl solution through both the feed and draw 
sides for 30 min at a cross-flow velocity of 0.6 L/min 
(300 rpm). The water flux of the cleaned membrane 
was measured using the FO test, with DI water and 2 
M NaCl as feed and draw solutions, respectively. The 
reduction ratio of the flux (FR%) and flux recovery ratio 
(FRR%) were calculated by Equations (3) and (4).

FR% =
Jwo − Jt

Jw0
× 100% (3) 

FRR% =
Jc

Jwo
∗100% (4) 

Jwo: the initial flux; Jt: the flux after the accelerated 
fouling test, Jc: the final water flux after the physical 
cleaning stage.

FR% − FRR% =
Jc

Jwo
−

Jwo − Jt

Jw0

  

× 100% 

FR% − FRR%; the improved water flux ratio after clean-
ing fouled membrane than the reduced ratio of the 
flux. FR% and FRR% were interpreted as normalised 

water flux 
Jw

Jwo

 

. Here Jw may be |Jc| or |Jwo − Jt|.

3. Results and discussion

3.1. Characterisation of TFC and CTFN-x 
membrane

The IR and Raman spectroscopic analyses were con-
ducted to elucidate the mechanistic interactions 
between TMC, MPD, and f-MWCNTs (Figure 1(A and B)). 
While the IR signatures of chemically modified mem-
branes (CTFN-x) remained consistent across varying f- 
MWCNT content (Figure 1(A)), distinct bands suggested 
interactive mechanisms (Figure 2). During interfacial poly-
merisation (IP), -COOH on f-MWCNTs reacted with 
-CONH2 on MPD, forming new amides and H-bonds [15] 
(Figure 2). This reaction was confirmed by new IR bands 
at 1240 and 691 cm−1, representing amide II (C–N stretch-
ing and N-H in-plane vibrations). Upon TMC addition, 
interactions between -OH and -CONH2 groups of 
f-MWCNTs and -COCl groups of TMC were evident from 
the IR band at 1100 cm−1 [16] (Figure 1). Raman spec-
troscopy supported these findings, showing dominant 
bands at ∼1150 cm−1 (symmetric C–O-C stretching) and 
∼1590–1620 cm−1 (phenyl ring vibrations[17]). Further-
more, characteristic IR bands at 1543 and 1660 cm−1 cor-
responded to amide II and amide I, respectively, while the 
band at 557 cm−1 indicated free C-Cl sites [18]. Notably, 
bands at 1478 and 1579 cm−1 indicated enhanced aroma-
ticity due to f-MWCNT incorporation [18].

The infrared (IR) bands around 870 cm−1 signify aro-
matic C = C and C–H stretching[16]. Bands detected at 

Figure 1. (A) FTIR spectra and (B) Raman of TFC and CTFN-x membranes.

4 Z. WU ET AL.



1010 and 1150 cm−1 relate to C–O stretching in epoxy 
[19] and -O-H groups of f-MWCNTs[20], respectively. 
Raman analysis of f-MWCNT-modified thin film nano-
composite (TFN) membranes consistently reveals 

distinct bands at 1310 cm−1 (D band) and 1585 cm−1 

(G band), confirming graphitic structures. However, the 
broadband at 1585 cm−1 suggests contributions from 
polysulfone phenyl rings and f- MWCNTs interactions. 

Figure 2. The postulated mechanism for interfacial polymerisation of MPD, f-MWCNTs, and TMC. (Refer to Figure 1 for the details of IR 
spectrums and the Raman spectrum).
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The intensity of the 790 cm−1 band, indicative of out-of- 
plane benzene ring C–H deformations, increases with f- 
MWCNT content in the TFN membrane. Additionally, 
Raman bands at 1110 cm−1 and 1612 cm−1 correspond 
to the C = C stretching vibration of the polyamide [21] 
and the amide I carbonyl stretch, respectively. These 
findings suggest that f-MWCNTs serve as a bridging 
structure during IP, potentially enhancing membrane 
water flux and IP efficiency through the formation of 
hydrophilic functional groups such as carboxyl and 
hydroxyls.

The interactive effects of f-MWCNTs with MPD and 

TMC were confirmed by the changes in 
I1150

I1585

 

intensity 

ratio [22]. A significant decrease in the 
I1150

I1585

 

ratio 

confirmed the successful binding of f-MWCNTs (0.001% 
(w/v))to the TMC and MPD membrane [23]. Then, the 
intensity value increase due to the -C–O-C- band 
formed between the polyamide and MWCNTs would 
be increased with the f-MWCNTs amount increasing. At 
0.008% (w/v), the presence of excess f-MWCNTs with 
uneven distribution and agglomeration of f-MWCNTs 
may lead to decreased MPD and TMC cross-linking on 

the membrane surface. As a result, the
I1150

I1585

 

ratio of 

the CTFN-8 membrane is reduced (Table 1).

3.2. Morphology and zeta potential of TFC and 
CTFN-x membrane

Cross-sectional of TFC and CTFN-x membranes substrate 
with different MWCNTs loadings were analyzed by SEM 
analysis in Figure 3. In the cross-sectional images, a 
typical asymmetric structure was observed (Figure 1-S). 
For the synthesis of the polyamide active layer on PSU, 
MPD and TMC were used (viz., TFC). As the SEM image 
of the TFC on the PSU substrate, the pore structures 
toward the TFC side of the support appear blocked 
due to the leaching of MPD and TMC sequentially used 
in active layer formation, resulting in a reduction of 
water flux. However, when f-MWCNTs are incorporated 
into the fabrication process of the TFC, this leaching 
phenomenon is significantly reduced, thus preserving 
the pore structure of the PSU support. However, the 

cross-sectional images of CTFN-1 show differential corru-
gated structures within PA active layers, whereas the 
bare TFC membrane exhibits voids. (Figure 3, CTFN-1) 
This observation is consistent in all cases where 
f-MWCNTs are used in TFN fabrication. The postulated 
mechanism of f-MWCNT mediation in the TFN 
formation process is also supported by IR spectroscopy 
evidence.

However, in the presence of f-MWCNTs-derived FO 
membranes, the water flux value was enhanced with 
desalinated water. Reducing the thickness of the PA 
layer is well known to represent a shorter water 
pathway, which is favourable for improving water per-
meability. (Figure 3) Water salination occurs largely 
due to the presence of major solutes in water. Therefore, 
f-MWCNTs derived FO membrane play a critical role in 
water desalination.

As shown in SEM and AFM images (Figure 4), the f- 
MWCNTs modified TFC membranes (e.g. CTFN-x) show 
enhanced surface homogeneity with low defect 
density with the increase of f-MWCNT loadings ratios 
14. At a low f-MWCNT loading (0.001% (w/v)), the 
surface of the CTFN-1 membrane shows a leaf-like mor-
phological structure by filling in the pores and gaps 
between the membrane matrix and the substrate 
(Figure 4). Thus, the surface roughness decreased due 
to the enhanced IP due to hydrogen bonding between 
the polyimide layer and the hydrophilic groups of the 
modified MWCNTs [5]. Further, the CTFN-4 membrane 
(0.004% (w/v)) shows an optimal value (53 ± 3 nm) corre-
sponding to the smoothest surface. However, in some 
parts of the CTFN-4 membrane surface still, the 
nodular structures are shown thus inducing heterogen-
eity. When loading of f-MWCNT > 0.004% (w/v), superfl-
uous f-MWCNT can exhibit readily agglomerates on the 
active layer of the membrane. In this context, the rough-
ness value exhibits minimal variations. However, at high 
concentrations of f-MWCNTs increasing surface rough-
ness due to enhanced ionic interactions and wrinkling 
from increased active hydroxyl groups. Often, the polya-
mide FO films (TMC and MPD composite) charged nega-
tively due to -COO- on the membrane surface [24]. When 
pH > 7.00, the epoxide and hydroxyl surface groups also 
dissociate yielding a negatively charged surface (Figure 
4). Upon the addition of f-MWCNTs, the surface charge 
of the CTFN-x membranes increased towards a negative 
direction at a given pH due to the ubiquity of -OH 
groups [25] (Figure 4). The functionalised f-MWCNTs at 
the CTFN-4 membrane exhibit maximum interfacial 
polymerisation of MPD and TMC. As a result, the zeta 
potential shifts in the positive direction due to the lack 
of free negatively charged groups. Adding more f- 
MWCNTs increases the negative surface charge, 

Table 1. Raman intensity of 1150 and 1585 cm−1 bands 
I1150

I1585

 

.

Wavenumber, cm−1 TFC CTFN-1 CTFN-2 CTFN-4 CTFN-8

1150 663.1 2086.2 1304.1 1744.5 559.4
1585 388.9 1744.0 956.4 1126.6 626.1

I1150

I1585

 

1.7 1.2 1.4 1.5 0.8
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confirming that excess f-MWCNTs are present at the 
CTFN-8 membrane.

3.3. FO performance of TFC and CTFN–x 
membranes

As shown in Figure 5(A), the contact angle values of the 
TFC and CTFN-x membranes have steadily decreased 
with the f-MWCNTs loading. The abundance of –OH on 
the membrane during the loading of f-MWCNTs 
increased its hydrophilic character, thereby improving 
the water flux [26]. As shown in AFM data, the degree 
of roughness of both CTFN-4 (Ra = 53 ± 3 nm) and 
CTFN-8 (Ra = 54 ± 4 nm) membrane surfaces are com-
parable. However, according to contact angle measure-
ments, the water flux values of these two membranes 
are reversed which indicates that in the presence of 
f-MWCNT, preferential water passage routes are oper-
ational in addition to the pores on the membranes, 
e.g. CTFN-4 and CTFN-8 [27]. The bare TFC membrane 
had a permeate flux of 14 LMH, which nearly doubled 
with the use of CTFN-4 or CTFN-8 membranes in the 
experiments (29 LMH for CTFN-8 membrane). (Figure 5
(B))

The variation of salt flux (Js) as a function of the f- 
MWCNT loading against 1M NaCl DS is also shown in 
Figure 5(B). As shown in the data the salt reject is 
increased by about 58%-fold with the MWCNT loading 
into the TFC membrane. The lowest salt flux (2.9 gMH) 
is observed for CTFN-8. The antifouling propensity of 
CTFN-x membranes was determined using feed sol-
ution-1 in a batch FO cell for 60 min text cycles. The nor-

malised water flux, 
Jw

Jwo

 

values show a steady rise with 

the f-MWCNT content used in TFC. Compared to the TFC 

membrane, over fold increase in the
Jw

Jwo

 

values was 

recorded in CTFN-8. (Figure 5(C)) This observation 
confirms that the antifouling properties of modified 
membranes are improved by the addition of 
f-MWCNTs compared to TFC. The CTFN-8 (98%) mem-
brane exhibits the highest normalised flux after cleaning.

An additional experiment was arranged to determine 
the propensity of antifouling with FS-2 solution for 
1080 min (18 hr). As shown in the data the flux values 
decline due to deposition of foulants onto the mem-
brane as time proceeds. However, the highest normal-
ised flux after membrane fouling is noticed for the 

Figure 3. A schematic diagram of CTFN-x membrane. The fine structures of the SEM images are shown in dotted lines (however, 
unable to capture MWCNTs because of their low weight of ≤0.008%). The thickness of the PA layer is also shown.
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CTFN-8 (94%) membrane, which is much higher than for 
the bare TFC membrane (44%). The CTFN-4/8 mem-
branes have higher restoration affinity compared to 
TFC membranes, which suggests that the bare TFC 
membranes are more affected by irreversible fouling. 
This observation indicates that the f-MWCNTs 
embedded membrane achieved a stable flux, which 
suggests that the adsorption and desorption of foulants 
to the membrane surface reached equilibrium over time, 
compared to the initial membrane.

It’s essential to achieve a balance between high 
water flux and low solute flux in FO membranes for 
optimal performance. Research on TFN-FO membranes 
indicates that increasing CNT content (>0.01% (w/v)) 
correlates with higher water flux and reverse salt flux 
(Figure 6) [11,13]. Our findings suggest that MWCNTs 
(>0.004% (w/v)) contribute to nanochannel formation, 
both internally and externally. External nanochannels, 
particularly the interfacial gap between functionalised 

CNTs and the polymer at the active layer interface, 
facilitate solvent transfer efficiently[11]. The permeate 
water flux is favoured via MWCNT canals, kinetically 
somehow rejecting major solutes due to the Donnan 
effect, an electrostatic interaction between the 
solutes and membrane. Thus, the Donnan effect- 
based molecular sieving contributes to the overall sep-
aration efficiency of FO membranes, optimising the 
rejection of negative ions and improving water purifi-
cation processes [28]. A controlled flow of the feed sol-
ution in forward osmosis membranes reduces fouling 
propensity by minimising concentration polarisation 
and preventing the build-up of positive ions and fou-
lants through shear forces [29], [30]. They also 
enhance membrane surface hydrophilicity, leading to 
increased water and decreased reverse salt fluxes. 
Moreover, a higher load of functionalised CNTs (≥ 
0.01% (w/v)) within the membrane contradicts estab-
lished FO process theories, potentially hindering 

Figure 4. Images of SEM and AFM, and zeta potential/ ζ of TFC, i.e. CTFN-x, x = 1–8.
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Figure 5. (A) Water contact angle, (B) water flux and reverse salt flux (C) The variation of flux over time for a fouling episode of TFC and 
CTFN-x membranes and (D) fouling test of TFC, CTFN-4 and CTFN-8 membranes 2 M NaCl solution as DS with a 10 min intervals during 
test time (1080 min).

Figure 6. Performance of TFN membrane in the literature and current work.
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membrane efficacy in FO applications, depending on 
the functional groups present.

The membrane surface properties such as surface 
roughness, and zeta potential have a marked impact in 
controlling surface antifouling (Figure 7) [31]. It is less 
likely that fouling will occur on surfaces with low rough-
ness. The smooth membrane surfaces can readily be 
cleaned and remove fouling materials since there are 
no intricate features on the surface where foulants 
may accumulate. Thus, reducing roughness minimises 
fouling, improving fluid flow and energy efficiency. 
Also, hydrophilic nanomaterials tend to repel hydro-
phobic impurities on impregnated surfaces, preventing 
their attachment and reducing fouling by creating a 
hydrated layer on the membrane surface. The liquid 
spreads and distributes evenly on a surface with a 
lower contact angle due to the low surface roughness 
and high concentration of hydroxyl groups. As a result, 
droplets are prevented from forming or localised dry 
areas, where fouling can occur. Reducing the contact 
angle and increasing wetting properties may promote 
the self-cleaning effect, where foulants are easily 
washed away with water or other cleaning agents due 
to constant flow of feed solution [32].

By maintaining smooth and negative charge hydro-
philic membranes can be protected against fouling 
over long periods (Figure 5(D)). The f-MWCNTs 
embedded TFC membrane attains stable water flux 
which implies equilibrium of adsorption and desorption 
of the foulants to the membrane surface over a lengthy 
period compared to the initial membrane. These nano-
tubes have a direct effect on improving the surface mor-
phology of the FO membrane and individually improve 
the antifouling properties and water permeability.

4. Conclusions

Our findings reveal that an optimal concentration of 
hydroxyl-functionalised multiwall carbon nanotubes 
(f-MWCNTs) in thin-film composite (TFN) membranes 
significantly enhances permeate flux and antifouling 
propensity in forward osmosis (FO) membranes. Adjust-
ments in surface roughness improve hydrophilicity, and 
f-MWCNTs reduce active layer thickness via crosslinking. 
Molecular spectral analysis elucidates bonding mechan-
isms between f-MWCNTs, MPD, and TFC. These f- 
MWCNTs introduce additional permeate pathways and 
contribute to the charge-based separation of solutes 
through the Donnan effect-based molecular sieving. 
Our research highlights the potential of tuneable f- 
MWCNT mass loading in TFN membranes for improved 
FO desalination. Research into molecular dynamics 
simulations is also underway to elucidate water per-
meation in the presence of solutes through high-diam-
eter (>1.1 nm) f-MWCNTs. These simulations focus on 
charge-based molecular filtering and hydrogen bond 
transfer mechanisms.

Acknowledgments

Anupama Amarasekara helped in obtaining zeta potential 
measurements. Three reviewers’ comments significantly 
improved the manuscript quality. The National Research 
Council of Sri Lanka (grant no: NRC TO 16-015) is acknowl-
edged for its support. RW and XC thanked Distinguished Pro-
fessorship at Hefei University of Technology (China).

Disclosure statement

No potential conflict of interest was reported by the author(s).

Figure 7. Parameters contributing to antifouling properties of the membranes: CTFN-x, x = 1–8.

10 Z. WU ET AL.



Funding

This work was supported by National Research Council Sri 
Lanka [grant number NRC-16-015].

Data availability

Additional data is available as support documentation. The 
other information not included in the support documentation 
can be provided upon requisition.

ORCID

Xing Chen http://orcid.org/0000-0003-2762-7498

References

[1] Wang Y-N, Goh K, Li X, et al. Membranes and processes for 
forward osmosis-based desalination: Recent advances 
and future prospects. Desalination. 2018;434:81–99. 
doi:10.1016/j.desal.2017.10.028

[2] Xu Y, Zhu Y, Chen Z, et al. A comprehensive review on 
forward osmosis water treatment: recent advances and 
prospects of membranes and draw solutes. Int J Environ 
Res Public Health. 2022;19(13):8215. doi:10.3390/ 
ijerph19138215

[3] Ge Q, Ling M, Chung T-S. Draw solutions for forward 
osmosis processes: developments, challenges, and pro-
spects for the future. J Memb Sci. 2013;442:225–237. 
doi:10.1016/j.memsci.2013.03.046

[4] Goh K, Setiawan L, Wei L, et al. Fabrication of novel func-
tionalized multi-walled carbon nanotube immobilized 
hollow fiber membranes for enhanced performance in 
forward osmosis process. J Memb Sci 2013;446:244–254. 
doi:10.1016/j.memsci.2013.06.022

[5] Vatanpour V, Safarpour M, Khataee A, et al. A thin film 
nanocomposite reverse osmosis membrane containing 
amine-functionalized carbon nanotubes. Sep Purif 
Technol. 2017;184:135–143. doi:10.1016/j.seppur.2017. 
04.038

[6] Zhang H, Wang X, Wang L, et al. Identifying the fouling 
behavior of forward osmosis membranes exposed to 
different inorganic components with high ionic strength. 
Environ Sci Pollut Res. 2021;28:46303–46318. doi:10. 
1007/s11356-021-14170-4

[7] Xue S-M, Xu Z-L, Tang Y-J, et al. Polypiperazine-amide 
nanofiltration membrane modified by different functio-
nalized multiwalled carbon nanotubes (MWCNTs). ACS 
Appl Mater Interfaces. 2016;8:19135–19144. doi:10.1021/ 
acsami.6b05545

[8] Baek Y, Kim HJ, Kim S-H, et al. Evaluation of carbon nano-
tube-polyamide thin-film nanocomposite reverse 
osmosis membrane: surface properties, performance 
characteristics and fouling behavior. J Ind Eng Chem. 
2017;56:327–334. doi:10.1016/j.jiec.2017.07.028

[9] Park J, Choi W, Kim SH, et al. Enhancement of chlorine 
resistance in carbon nanotube-based nanocomposite 
reverse osmosis membranes. Desalin Water Treat. 
2010;15:198–204. doi:10.5004/dwt.2010.1686

[10] Striolo A. The mechanism of water diffusion in narrow 
carbon nanotubes. Nano Lett. 2006;6:633–639. doi:10. 
1021/nl052254u

[11] Amini M, Jahanshahi M, Rahimpour A. Synthesis of novel 
thin film nanocomposite (TFN) forward osmosis mem-
branes using functionalized multi-walled carbon nano-
tubes. J Memb Sci. 2013;435:233–241. doi:10.1016/j. 
memsci.2013.01.041

[12] Kim HJ, Choi K, Baek Y, et al. High-performance reverse 
osmosis CNT/polyamide nanocomposite membrane by 
controlled interfacial interactions. ACS Appl Mater 
Interfaces. 2014;6:2819–2829. doi:10.1021/am405398f

[13] Rashed AO, Esawi AMK, Ramadan AR. Novel polysulfone/ 
carbon nanotube-polyamide thin film nanocomposite 
membranes with improved water flux for forward 
osmosis desalination. ACS Omega. 2020;5:14427–14436. 
doi:10.1021/acsomega.0c00973

[14] Yip NY, Tiraferrii A, Phillip WA, et al. High performance 
thin-film composite forward osmosis membrane. 
Environ Sci Technol. 2010;44:3812–3818. doi:10.1021/ 
es1002555

[15] Shen L, Xiong S, Wang Y. Graphene oxide incorporated 
thin-film composite membranes for forward osmosis 
applications. Chem Eng Sci. 2016;143:194–205. doi:10. 
1016/j.ces.2015.12.029

[16] Tinti A, Tugnoli V, Bonora S, et al. Recent applications of 
vibrational mid-infrared (IR) spectroscopy for studying 
soil components: a review. J Cent Eur Agric. 2015;16:1– 
22. doi:10.5513/JCEA01/16.1.1535

[17] Kim HJ, Fouda AE, Jonasson K. In situ study on kinetic 
behavior during asymmetric membrane formation via 
phase inversion process using Raman spectroscopy. J 
Appl Polym Sci. 2000;75:135–141. doi:10.1002/ 
(SICI)1097-4628(20000103)75:13.0.CO;2-9

[18] Tian E, Wang X, Wang X, et al. Preparation and character-
ization of thin-film nanocomposite membrane with high 
flux and antibacterial performance for forward osmosis. 
Ind Eng Chem Res. 2019;58:897–907. doi:10.1021/acs. 
iecr.8b04476

[19] Peretiatko CDS, Hupalo EA, Campos J, et al. Efficiency of 
zinc and calcium ion crosslinking in alginate-coated nitro-
gen fertilizer. OrbitalThe Electron J Chem. 2018;10:218– 
225. doi:10.17807/orbital.v10i3.1103

[20] Zhong L, Yun K. Graphene oxide – modified ZnO particles: 
synthesis, characterization and application. Int J 
Nanomedicine. 2018;10:79–92. doi:10.2147/IJN.S88319

[21] Yu J, Jing W, Liu E, et al. Effect of polydopamine /sodium 
dodecyl sulfate modified halloysite on the microstructure 
and permeability of a polyamide forward osmosis mem-
brane. Membranes. 2023;13:638. doi:10.3390/ 
membranes13070638

[22] Perreault F, Tousley ME, Elimelech M. Thin-film composite 
polyamide membranes functionalized with biocidal gra-
phene oxide nanosheets. Environ Sci Technol Lett 
2013;1:71–76. doi:10.1021/ez4001356

[23] Faria AF, Liu C, Xie M, et al. Thin-film composite forward 
osmosis membranes functionalized with graphene 
oxide–silver nanocomposites for biofouling control. J 
Memb Sci 2017;525:146–156. doi:10.1016/j.memsci.2016. 
10.040

[24] Shao W, Liu C, Yu T, et al. Constructing positively charged 
thin-film nanocomposite nanofiltration membranes with 

ENVIRONMENTAL TECHNOLOGY 11

http://orcid.org/0000-0003-2762-7498
https://doi.org/10.1016/j.desal.2017.10.028
https://doi.org/10.3390/ijerph19138215
https://doi.org/10.3390/ijerph19138215
https://doi.org/10.1016/j.memsci.2013.03.046
https://doi.org/10.1016/j.memsci.2013.06.022
https://doi.org/10.1016/j.seppur.2017.04.038
https://doi.org/10.1016/j.seppur.2017.04.038
https://doi.org/10.1007/s11356-021-14170-4
https://doi.org/10.1007/s11356-021-14170-4
https://doi.org/10.1021/acsami.6b05545
https://doi.org/10.1021/acsami.6b05545
https://doi.org/10.1016/j.jiec.2017.07.028
https://doi.org/10.5004/dwt.2010.1686
https://doi.org/10.1021/nl052254u
https://doi.org/10.1021/nl052254u
https://doi.org/10.1016/j.memsci.2013.01.041
https://doi.org/10.1016/j.memsci.2013.01.041
https://doi.org/10.1021/am405398f
https://doi.org/10.1021/acsomega.0c00973
https://doi.org/10.1021/es1002555
https://doi.org/10.1021/es1002555
https://doi.org/10.1016/j.ces.2015.12.029
https://doi.org/10.1016/j.ces.2015.12.029
https://doi.org/10.5513/JCEA01/16.1.1535
https://doi.org/10.1002/(SICI)1097-4628(20000103)75:13.0.CO;2-9
https://doi.org/10.1002/(SICI)1097-4628(20000103)75:13.0.CO;2-9
https://doi.org/10.1021/acs.iecr.8b04476
https://doi.org/10.1021/acs.iecr.8b04476
https://doi.org/10.17807/orbital.v10i3.1103
https://doi.org/10.2147/IJN.S88319
https://doi.org/10.3390/membranes13070638
https://doi.org/10.3390/membranes13070638
https://doi.org/10.1021/ez4001356
https://doi.org/10.1016/j.memsci.2016.10.040
https://doi.org/10.1016/j.memsci.2016.10.040


enhanced performance. Polymers . 2020;12 
(11):2526. doi:10.3390/polym12112526

[25] Gholami S, Llacuna JL, Vatanpour V, et al. Impact of a new 
functionalization of multiwalled carbon nanotubes on anti-
fouling and permeability of PVDF nanocomposite mem-
branes for dye wastewater treatment. Chemosphere. 
2022;294:133699. doi:10.1016/j.chemosphere.2022.133699

[26] Ahmad NNR, Mohammad AW, Mahmoudi E, et al. An 
overview of the modification strategies in developing 
antifouling nanofiltration membranes. Membranes. 
2022;12(12):1276. doi:10.3390/membranes12121276

[27] Ali S, Rehman SAU, Luan HY, et al. Challenges and opportu-
nities in functional carbon nanotubes for membrane-based 
water treatment and desalination. Sci Total Environ. 
2019;646:1126–1139. doi:10.1016/j.scitotenv.2018.07.348

[28] Qi S, Li Y, Wang R, et al. Towards improved separation 
performance using porous FO membranes: the critical 
roles of membrane separation properties and draw 
solution. J Memb Sci. 2016;498:67–74. doi:10.1016/j. 
memsci.2015.10.003

[29] Tang CY, She Q, Lay WCL, et al. Coupled effects of internal 
concentration polarization and fouling on flux behavior 
of forward osmosis membranes during humic acid 
filtration. J Memb Sci 2010;354:123–133. doi:10.1016/j. 
memsci.2010.02.059

[30] Nguyen TT, Adha RS, Lee C, et al. Quantifying the 
influence of divalent cations mass transport on critical 
flux and organic fouling mechanism of forward osmosis 
membrane. Desalination. 2021;512:115146. doi:10.1016/ 
j.desal.2021.115146

[31] Firouzjaei MD, Shamsabadi AA, Aktij SA, et al. Exploiting 
synergetic effects of graphene oxide and a silver-based 
metal-organic framework to enhance antifouling and 
anti-biofouling properties of thin-film nanocomposite 
membranes. ACS Appl Mater Interfaces. 2018;10:42967– 
42978. doi:10.1021/acsami.8b12714

[32] Sun D, Böhringer FK. Self-cleaning: from bio-inspired 
surface modification to MEMS/microfluidics system inte-
gration. Micromachines (Basel). 2019;10(2):101. doi:10. 
3390/mi10020101

12 Z. WU ET AL.

https://doi.org/10.3390/polym12112526
https://doi.org/10.1016/j.chemosphere.2022.133699
https://doi.org/10.3390/membranes12121276
https://doi.org/10.1016/j.scitotenv.2018.07.348
https://doi.org/10.1016/j.memsci.2015.10.003
https://doi.org/10.1016/j.memsci.2015.10.003
https://doi.org/10.1016/j.memsci.2010.02.059
https://doi.org/10.1016/j.memsci.2010.02.059
https://doi.org/10.1016/j.desal.2021.115146
https://doi.org/10.1016/j.desal.2021.115146
https://doi.org/10.1021/acsami.8b12714
https://doi.org/10.3390/mi10020101
https://doi.org/10.3390/mi10020101

	Abstract
	1. Introduction
	2. Materials and methods
	2.1. Materials
	2.2. Preparation of PSU membrane substrates
	2.3. Fabrication of polyamide active layer
	2.4. Characterisation of TFC and CTFN-x membranes
	2.5. Determination of osmosis performance
	2.6. Antifouling test

	3. Results and discussion
	3.1. Characterisation of TFC and CTFN-x membrane
	3.2. Morphology and zeta potential of TFC and CTFN-x membrane
	3.3. FO performance of TFC and CTFN–x membranes

	4. Conclusions
	Acknowledgments
	Disclosure statement
	Data availability
	ORCID
	References

