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I Highlights

* Quternized CNTs increases membrane basic properties

* New QPES/QCNTs composite membrane fabricated

* QPES/QCNTs with enhanced antifouling properties

* QCNTs improved reverse solute flux compared to pristine CNTs

I Abstract

Multiwall carbon nanotubes (CNTs) were quaternized (QCNTs) with trimethylamine to form an anionic conductive CNTS then blended with quaternized polyethersulfone membrane
(QPES) by phase invasion method to obtain a composite membrane with higher permeation, improved rejection and enhanced antifouling properties for forward osmosis application.
The membranes and QCNTs were characterized using SEM, TGA, NMR, Raman and FTIR. The fabricated composite membranes showed that addition of QCNTs can improve
membrane basic properties when compared to commercial polyethersulfone membranes. This observed improvement could be attributed to the incorporated oxygen and amine
functionalities in the CNTs. The 0.1 wt % QCNTSs showed a contact angle of 64°, reverse solute flux of 7.4 and 6.2 Lm>h"! for NaCl and MgSO, respectively compared to an original

pure water flux of 8.058 Lm?h'. Humic acid was used as a foulant, when the composited was fouled using humic acid, the 0.1wt.% QCNTs showed a reverse solute flux of 5.7 and

5.0 Lm?h! respectively at room temperature.

. © 2022 FIMTEC & MPRL. All rights reserved.
1. Introduction

Water scarcity continues to increase around the globe due to various
reasons related to population growth, increasing living standards and global
warming [1]. This makes the quality of freshwater in the world to remain a
critical issue. In South Africa, the quality of drinking water is deteriorating
daily, especially in rural areas where water is polluted and contaminated by
the nature of living conditions [2,3]. Reverse Osmosis currently holds the
majority of world water purification systems since it is a proven technology
for water purification. Due to high energy requirements in the use and
production of RO systems, this has paved way for other emerging membrane

technology such as forward osmosis (FO) which has a very low energy
demand [4]. FO is a less intensive process and uses osmotic pressure [S]. This
process utilizes the osmotic pressure that occurs between the feed solution
and draws solution placed on the opposite sides of the membrane [5,6].
Internal concentration polarization and fouling is, however, still a serious
factor limiting the use of FO membrane technology [7]. To address the
problem of fouling and internal concentration polarization, cellulose acetate
membranes have been used due to their hydrophilic nature. The membrane
showed reduced internal concentration polarization (ICP) and increased
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water flux for osmotically driven membranes [8]. Polyethersulfone membrane
has also been used widely for fabrication of forward osmosis membrane due
to tremendous properties such as good thermal, mechanical and oxidative
properties with high glass temperature [9]. The major drawback of PES is that
they are hydrophobic which limits their properties during the water
application filtration process which further reduces its performance [10]. On
the other hand the use of CNTSs technology has played a big role in improving
polymer properties due to their exceptional high ratio in combination with
low density, high strength and stiffness which makes CNTs to be more
preferred additives in polymers [11].

Goh et al. [12] investigated the transport of water in a polymer composite
blended with CNTs and obtained excellent flux for desalination membranes.
Literature has also reported that CNTSs are the better nanofiller for composite
membranes due to the transport rate of water caused by the smoothness of the
nanotube and its compatibility with a variety of polymers [13]. Qiu et al. [14]
observed that the incorporation of multiwalled CNTs enhances membrane
structure and filtration performance. Ge et al. [15] also fabricated PES/CNTs
composite membrane, the membrane showed stronger CNTSs interactions with
CO; to enhance water permeability. Choi et al. [11] showed that modification
of polyethersulfone membrane with functionalized CNTs improves membrane
flux and surface hydrophilicity. The results showed that the modified
nanocomposite membrane exhibit a high hydrophilic performance upon
incorporation of CNTs than pure PES. These studies focused on cellulose
acetate membrane. FO membrane are considered a bench mark in the field of
water treatment due to good mechanical strength and lower fouling propensity
unlike thin film composite FO membrane possess a vulnerable active
polyamide active layer [16]. In this work, we look at changing PES
hydrophobic nature and make it hydrophilic by tendering cation moieties on
its surface. The CNTs were also functionalized with the same cation moieties
then blended with the anionic PES. This resulted in a highly hydrophilic
membrane that lead to enhance properties such as flux, reverse solute flux and
antifouling properties, thereby providing an efficient membrane for the FO
system.

2. Experimental
2.1. Materials

The reagents used for this research study included 1,1,2,2-
tetrachloroethane, sulphuric acid, thionyl chloride, nitric acid, zinc chloride,
N-methyl-2-pyrrolidone, chloromethyl ethyl ether, trimethylamine (25 wt.%
in water ), potassium hydroxide, carbon nanotubes purchased from Sigma-
Aldrich, Johannesburg, South Africa. Polyethersulfone (PES, was acquired
from Solvay Advanced Polymers (South Africa). All chemicals were used
without further purification or modification.

2.2. Functionalization of multi-walled carbon nanotubes (CNTSs)

The multiwalled carbon nanotubes were functionalized by adding CNTs
(2.0 g) into a solution of HNO; / H,S04 (20 mL) mixture and stirred under
reflux for 24 h at 90 °C. The functionalized CNTs were filtered and washed
with distilled water until the pH of the water released after washing was
neutral. The functionalized CNTs were dried in an oven at 100 °C for 10 h.
The dried CNTs were then soaked in a solution of thionyl chloride 30 wt % to
chlorinate some of the carboxylic acid groups to promote nucleophilic
substitution with trimethylamine (TMA). The chlorinated CNTs were then
soaked in trimethylamine (30 wt %TMA, for 24 h at room temperature to
ensure the quarterization of the CNTs (QCNTS) [17]. The TMA-CNTSs were
then dried and stored in the locker for later use. Figure 1 below shows the
preparation of TMA functionalized CNTs (QCNTSs) [18].

2.3. Chloromethylation of polyethersulfone (PES-CI)

The polyethersulfone (PES) was chloromethylated by dissolving 2.0 g
PES in 1,1,2,2-tetrachloroethane (16 mL) while stirred under reflux in
nitrogen gas condition for 12 h at 70 °C. Then thionyl chloride (1.5 mL) was
added slowly, zinc chloride solution (1.1 mL) was also added while
continuously stirring the solution. Four drops of chloromethyl methyl ether
(CMEE) was then added dropwise into the reaction flask. The reaction
mixture was allowed to stir for another 6 h at 70 °C. The solution was then
cooled at room temperature and subsequently precipitated with methanol. A
yellow fibrous solid polymer was obtained indicating successful
chloromethylation of PES [19]. Figure 2 schematic diagram shows how
chloromethylation was achieved.

2.4. Fabrication of quaternized PES blended with quaternized CNTs
composite membrane

The quaternized PES blended with quaternized CNTs (QPES/QCNTS)
membranes were prepared by the solvent induced phase inversion method
[20]. Quaternized carbon nanotubes (QCNTS) were obtained in three different
weight variations (0.1 wt.%, 0.3 wt.% and 0.5 wt.%) dispersed in different
conical flask containing the required volume of N-Methyl-2-pyrrolidone
(NMP) solution and sonicated for 1 h. PES-CI was added to the stirring
mixture of QCNTSs having various fractions, each stirred for 24 h to obtain a
homogenous nanocomposite membrane. The obtained composite solution was
then cooled and cast on a glass plate then phase inversion method used to
obtain a free stating membrane.

2.5. Characterizations and evaluation of all membranes
2.5.1. Membrane characterization

The morphology of all membranes was characterized using the SEM
JEOL 5600. Samples were prepared by mounting on aluminium studs with
carbon tape. Prior to analysis, samples were coated with carbon. Samples for
cross-section all studied were cryogenically fractured in liquid nitrogen,
securely mounted on aluminium studs and then coated with gold, in order to
induce their capacity to conduct. The LEO 912 TEM was used to estimate the
particle size of the QCNTSs and observe the morphology of the QCNTs. The
QCNTs were suspended in methanol for 11.4 minutes in an ultrasonic bath to
obtain a homogeneous dispersion of each sample, followed by dropping some
suspension onto a copper grid placed into the TEM chamber. Raman spectra
were collected from a Perkin Elmer Raman microscope 200 technique at an
excitation source of 785 nm and fine powdered dried samples of quaternized
focused on a laser beam of 5SMw over an average of 50 to 3500 cm™ with a
resolution of 2.0 cm™, a spectral average of 22 scans and an exposure time of
4 s. The NMR spectra of PES, PES-CI and QPES were obtained with a 'H-
NMR spectrometer (Bruker Avance IIl HD NMR 500 MHz, equipped with
BBO probe) using deuterated dimethyl sulfoxide as the solvent. The Perkin
Elmer Spectrum (version 10.4.2) instrument with a horizontal ATR device at
the scan range of 650- 4000 cm?, the resolution of 4 cm™ and over a range of
16 scans. QCNTs were characterized as powder and PES composites as a
solid membrane. TGA data were obtained with model STA (Simultaneous
Thermal Analyser) 1500 (supplied by Rheometric Scientific Ltd, UK), at a
heating rate of 10°C.min™. The samples were heated from 50 — 1000°C.

2.5.2. Membrane evaluation

The wettability and surface hydrophilicity of the PES and QPES/QCNTSs
membranes were evaluated by the DATA Physics optical contact angle using
the sessile drop measurement method. An average contact angle (0) of 10
drops of deionized (DI) water was placed on a flat membrane surface using a
Gilmont syringe. Using the SCA20 version 4.1.12 build 1019 software, the
advancing angle (0) was measured as the water droplet was placed on the
surface.

Membrane performances of the QPES/QCNTs were studied by pure
water flux. The forward osmosis system is operated with two tanks, one with
a draw solution and one with a feed solution separated by the membrane. The
membrane was placed on the membrane chamber of the forward system with
an area of 25 cm? The flow rate was kept constant through the operation at 2
L.mint. The draw solution and the feed solution were prepared from a
solution of 2 M and 1 M respectively consisting of different draw solute per
initial run. Magnesium sulphate (MgSO4) and Sodium chloride (NaCl) were
chosen as a draw solute in this study as they exhibit high osmotic pressure
due to their high-water solubility.

The performances of the QPES/QCNTs membranes were studied by
measuring the pure water flux and rejections. Water flux was obtained by
measuring the weight change of the feed solution over a selected period (30
min). The membranes were pre-conditioned by compacting with deionized
water at an osmotic pressure until steady fluxes were obtained. Water flux
(Jw) was calculated using Equation 1:

.\

W= Xt @
where V (L) is the volume of the permeation water. Am (m?) is the area of the
membrane, and AT (h) is the time taken to acquire each measurement.
Reverse solute flux can be described as the measure of solute from a higher
concentration called draw solution passing through the forward osmosis
membrane to a lower concentration called feed solution.
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Fig. 2. Chloromethylation of polyethersulfone (PES).

The reverse solute flux was calculated by the change of NaCl and MgSO,
concentration in the feed solution. The reverse solute was calculated using
Equation 2 as showed below:

_ACEX VE)
= TAm x At @

where C; and V, are the salt concentration and the volume of the feed at the
end of FO tests, respectively. At least five samples were tested and the
average value was obtained for each membrane.

Fouling experiment was performed with deionized water as a feed
solution and draw solution of a single salt of NaCl and MgSO,. The
concentration of each salt per experiment was 2.0 M on the draw solution and
1.0 M on the feed solution. A new membrane was placed in the FO system
and subjected to pure water flux measurement (Jw for 1). 2 L of a 2.0 M draw
solution was added to the draw tank and 2 L of a 1.0 M feed solution was
added to the feed tank. A 50 ppm humic acid solution was poured into the 1.0
M feed tank to evaluate antifouling properties.

3. Results and discussion
3.1. TEM Analysis of CNTs

Figure 3 (a-b) presents transmission electron microscopy (TEM) images
of CNTs and QCNTSs. Figure 3a shows tubular bundles of pristine (CNTS) in
line with literature reports [21]. Figure 3b presents the TEM images of the
quaternized CNTs. The quaternized CNTs exhibits an increase on
dispensation, this observation was attributed to the increase of oxygen
functional groups and amine functional groups within the surface of the tubes
as a result of functionalization with acid and quarterization with amine
[22,23].

Figure 3c, is the size distribution of the outer diameter for both CNTs and
QCNTs. Java —based image (Image J) software was used to observe changes
on the outer diameter of the tube after modification and this was confirmed by
TEM micrographs (Figure 3a and Figure 3b) The quaternized carbon
nanotubes (QCNTS) show a diameter decrease at ranges of 1-10 nm,10-20 nm
compared to pristine CNTs which is attributed to interaction with outermost
graphene layers [24]. The outer diameter ranging from 30 - 40 nm and 40 - 50
nm increased due to the non-sp? carbon defects present on the CNTs and such
defects is caused by highly reactive active atoms such as carbon chains
[25,26].

3.2. Raman analysis of CNTs

Figure 4 shows a Raman spectrum during QCNTSs synthesis. The spectra
generally showed two characteristics peaks called D-band and the G - band.
The variable peaks (1579 cm?, 1578 cm* and1345 cm™) are assigned to the
D- band. The D- band was attributed to the C=C stretching vibration of the
graphitic carbon nanotubes which is a significant characteristic of sp?

hybridization of carbon material. Moreover, the D-band was attributed to the
defects induced by the presence of the incorporated oxygen and amine
functional groups on the carbon nanotubes. The other variable peaks (1347
cm™,1351 cm?, and 1345 cm™) are assigned to the G-band. The G- band
corresponds to the structural disorder because it contains impurities and the
presence of amorphous carbon in CNTs samples and also the sp® hybridization
of carbon material.

The G-band at 1574 cm™ corresponds to the tangential mode of CNTs.
Raman spectrum showed a higher intensity of the G- band when compared to
the D- band, in addition, G- band has two characteristics peak the G- band
and the G’ band. The variable G’ band peaks (2680 cm™, 2687 cm™ and 2665
cm™) are assigned to the stretching vibration of C=C These were due to poor
structural quality of the carbon nanotubes samples [22,25,27-33].  The
emergent peak at 2927 cm™ is assigned to the oxygen functionalities and also
the peak at 2922 cm is assigned to the chlorine group introduced. These are
attributed to structural defects [34]. Raman show successful chemical
functionalization of CNTs to QCNTSs.

Table 1 below shows the position of D and G band as well as the area
ratio for CNTs and QCNTSs. The area ratio of Ip/lg ratio used to estimate the
amount of disorder present in the wall of CNTs. A higher Ip/lg ratio (0.86)
was observed when CNTSs were functionalized with acid. These are attributed
to the introduction of functional groups —OH and -COOH form during CNT
oxidation. Raman ratio of pristine CNTSs is the lowest (0.84) these implies that
acid functionalized carbon nanotubes were more disordered and there was
also an increase sp® carbon on the nanotube. However, QCNTs showed the
same Ip/lg ratio as the one for acid functionalized carbon nanotubes indicating
successful functionalization [32,34].

3.3. FTIR analysis of PES, PES-Cl and QPES

The FTIR spectra of PES, PES-CI and QPES polymers are shown in
Figure 5. Ccomparing PES and PES-CI, there is an additional peak at 787 cm"
! for the PES-CI membrane corresponding to the CH,-Cl (C-CI) stretching.
This indicates successful chloromethylation of PES [35-37]. When the PES-
Cl is quaternized, using trimethylamine, the peak at 787cm? (C-Cl)
diminishes and a new peak at 1671 cm* appears indicating a presence of a C-
N bond, C-N stretching vibrations. This indicates successful quarterization of
PES [38-41].

3.4. Proton NMR analysis of PES, PES-CI and QPES membrane

The *H-NMR spectra are in agreement with the FTIR. The NMR for PES,
PES-CI and QPES are shown in Figure 6, comparing PES and PES-CI, a new
peak is observed at about 4.95 ppm indicating the presence of protons in
CH,CI, indicating successful chloromethylation of PES [36,42,43]. To verify
successful quarterization, additional peaks for QPES can be observed at 3.81
and 3.3 ppm when compared with the PES-CI. The 4.3 ppm peak of CH.CI
also disappeared. This indicates a successful quarterization of PES [44]. The
proton NMR in agreement with the FTIR, both indicated success in chemical
grafting of trimethylamine on the backbone of the PES.
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Fig. 3. TEM images of (a) pristine CNTSs, (b) quaternized CNTs and (c) size distribution of the outer diameter of CNTs before and after quarterization.

Table 1
The lg/l4 ratio of pristine CNTs and functionalized CNTs.

Sample Peak position (cm™*) D-band Peak position (cm™*) D-band 1d/1g
P-CNT 1338.89 1579.77 0.84
F-CNT 1351.03 1571.81 0.86
CNT-CI 1341.52 1570.21 0.85
QCNTs 1345.76 1576.35 0.85
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Fig. 4. Raman spectroscopy of pristin CNT (PCNTSs), fuctionilized CNTs
(FCNTSs), chlorinated CNTs (CNTs-Cl) and quaternized CNTs (QCNTS).
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Fig. 5. FTIR spectra of PES, PES-CI and QPES.
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3.5. SEM analysis of all membranes

The surface morphology and cross-section of all membranes are depicted
in Figure 7 using SEM. The surface of pristine PES showed a smooth and
even surface as shown in Figure 7a, Figure 7f shows an asymmetric structure
which is spongy-like which is a typical feature for PES membranes. There
was no distinct difference observed in the cross-section structure between the
pristine PES and the QPES/QCNTs blend membranes, however, the
QPES/QCNTs membranes look more porous than the pristine PES.

In Figure 7 b-g 0.1 %QCNTSs shows a smooth surface with no cracks and
no indication of QCNTs agglomeration. The surface also shows the
asymmetric structure of the pores. However, the membranes with 0.3% and
0.5% QCNTs in Figure 7 c-d shows agglomeration of the QCNTs on the
surface. These were attributed to the untreated nanoparticle between the
interfacial defects and also as the concentration of CNTs was increased,
macro voids developed. Agglomeration limits the function of the CNTs and
renders them less effective [45-47].

SEM HV: 20.0 kV SEM MAG: 706 x | VEGAJ TESCAN
View fieid: 261 ym Det: SE 50 pm University of Johannesburg

SEM HV: 200 KV
View field: 303 ym

SEMMAG: 684 x |

VEGAD TESCAN

Det: SE 50 ym University of Johannesburg

3.6. Thermal stability of all membranes

Figure 8 shows the TGA plots of all the membranes. From the graph the
first 5% weight lost between 100 to 150°C can be attributed to the
dehydration of water molecules held in the PES and the interlayer gallery of
the carbon nanotubes due to the hydrophilic groups present [48,49]. And
also, between 100 and 200°C, the loss of labile oxygen functional groups (-
OH and -COOH) are observed for different weight of QCNTs modified PES
as different mass losses in line with the filler loading. Between 500 and
680°C the fast loss in the weight composition of the unmodified and
quaternized PES membrane is due to the degradation of the polymer residues
and QCNTs [49-52]. The TGA nprofile indicates that the composite
membranes are durable and stable up to 180°C thereby can be used for water
desalination applications regardless of the water temperature.

SEM HV: 200 &V
View field: 2.13 mm

l VEGA) TESCAN

University of Johannesburg)

SEMHV: 200 kV
View fieid: 163 pm

SEM MAG: 127 kx| L L1 11 |veeas Tescan
Det: SE 50 pm University of Johannesburg

Fig. 7. SEM images of membrane surface and cross-section for; Pristine (a and f), 0.1% QPES/QCNTS (b and g), 0.3% QPES/QCNTS (c and h) and

0.5%QPES/QCNTS (d and i).
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3.7. Membrane evaluation

3.7.1. Contact angle, reverse solute flux and reverse solute flux after
fouling

To investigate the effect of QCNTs on the membrane performance, the
contact angle and forward osmosis system were used. Flux, solute rejection
and fouling studies were evaluated using a forward system at atmospheric
pressure with a speed of 2 L.min™ at a maintained temperature of 25 °C.

3.7.2. Contact angle

Figure 9 shows the contact angle of the all membrane. The contact angle
of pristine PES is higher indicating the relative hydrophobicity of the
polyethersulfone membrane surface. However, the addition of QCNTs
decreased the contact angle indicating that QCNTs change the PES membrane
to hydrophilic. The membrane with 0.1 wt.% QCNTs showed the contact
angle of about 64°, was the lowest, making it the most hydrophilic membrane
in this study.
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The significant decrease in contact angle value can be attributed to the
presence of the incorporated hydrophilic and functional groups such as C=0,
C-O, -OH, -CN and -NH present on the surface of the QCNTSs. In addition,
these could be linked with the SEM surface morphology; the membrane with
0.1 wt.% QCNTs didn’t have any agglomeration thereby indicating a perfect
membrane system for this work. The membranes with 0.3 wt.% QCNTSs and
0.5 wt.% QCNTSs indicated agglomeration as per SEM surface morphology,
which is why even though they have a high amount of QCNTSs they still
reported higher contact angles of about 67° and 69.6° respectively. Based on
the contact angles, the membrane with 0.1 wt.% QCNTSs is expected to be the
most performing membrane in reverse solute flux studies [48, 53, 54].

3.7.3 Pure water flux of membranes

Membrane performances of the QPES/QCNTs were studied by pure
water flux. The membrane was placed on the membrane chamber of the
forward system with an area of 25 cm? The flow rate was kept constant
through the operation at 2 L.min™ at room temperature. The draw solution
and the feed solution were prepared from a solution of 2 M and 1 M at
osmotic pressure of 24 bar and 48.9 bar respectively consisting of different
draw solute per initial run [53, 55]. The highest pure water flux of 8.06 L.m"
nt was obtained at a loading of 0.1% QCNTs compared to pristine
membrane with water flux of 7.24 L.m?h (Figure 10), which was expected
based on the contact angle results in Figure 9. The membranes with 0.3% and
0.5% QCNTs showed the same trend as it did on the contact angle. The
membrane with 0.3% QCNTSs had a better pure water flux of 6.72 Lm?h?!
than the membrane with 0.5% QCNTs that had a flux of 5.2 Lm?h™. This
indicates that any further loading of CNTs can lead to a decrease in flux. The
flux for 0.1% QCNTs membrane was higher than that of the pristine PES
despite the lowest loadings [56].

According to literature, there are two factors, which influence the
permeation properties of membranes blended with CNTSs, (1) hydrophilicity
and (2) pore effect. This is because the hydrophilicity of the membrane
increases the number of pores on the membrane surface, therefore increasing
the flux. This is why the membrane with 0.1% QCNTSs has the highest flux
[57].

3.7.4. Reverse solute fluxes studies of PES and composite membrane

The reverse solute fluxes for unmodified and modified PES membranes
are presented below. The solute that tends to build upon the feed solution
during evaluating the performance of the membrane result in reverse solute
flux. According to Ambrosi et al., reverse solute flux can be described as the
movement of solute from a higher concentration of draw solution to a lower
concentration of feed solution [58]. Mechanism of reverse solute affect
membrane properties. These result in a trade-off between reverse solute flux
and internal concentration polarization because they both depend on the size
of the draw solute. However, a draw solute that has high solubility and low

molecular weight can drive the process at higher osmotic pressure, selecting
such a draw solute will results in a membrane with higher permeate fluxes
and lower internal concentration polarization [59-61].

The reverse solute flux properties of the PES and QPES/QCNTSs
composite membrane were evaluated using a 1.0 M concentration in the feed
and 2.0 M concentration in the draw solution. The reverse solute fluxes were
monitored using NaCl and MgSO, as rejection species. The membrane with
0.1 wit% QCNTSs had a reverse solute water flux of 7.43 and 6.21 Lm2h* for
NaCl and MgSO, respectively compared to an original pure water flux of 8.06
Lm2h, Pure water flux values were higher which could be due to less
internal concentration polarization. This indicates better rejection properties
of the membrane.

As per Figure 11, the reverse solute flux for 0.3 wt.% QCNTs membrane
using NaCl and MgSO, as draw solutes was 3.92 and 4.54 L.m?h?
respectively. The membrane with 0.5 wt.% QCNTSs also using NaCl and
MgSO, as a draw solute reverse solute flux continuously decreases to 3.51
and 3.52 L.m2h™, These could be due to internal concentration polarization
which leads to lower flux as compared to a pure flux of 8.06 L.m2h? [62].
Internal concentration is the solute that builds upon the active layer on the
membrane, these was observed when a 99% flux declined was obtained in an
experiment which  resulted by the increase on internal concentration
polarisation [63]. Akther et al. [64] studied the effect of internal concentration
polarization on polyethersulfone membrane, the study resulted in a more than
80% decline of reverse solute flux due to high internal concentration
polarization. Based on Figure 11, which outlines reverse solute studies, the
membrane with 0.1 wt.% QCNTSs showed better reverse solute flux compared
to the rest of the membranes.

These results indicate that a lower loading of QCNTSs (0.1 wt %) renders
the draw solute to create a higher osmotic pressure which will ease the solute
build up on the feed draw solution. The reverse solute flux is directly
proportional to salts rejection, thereby based on these results, the membrane
with 0.1 wt.% QCNTSs have a better salt reverse solute rejection capacity than
the rest of the membranes. It has also been observed through reverse solute
flux studies, at a higher loading of more than 0.3wt % QCNTSs using MgSO,
as a draw solution had the higher reverse solute flux. These is due to the
properties of the species formed in the solution including size of hydration,
draw solution viscosity, solubility and charge. In general reverse solute flux
of MgSO;, contains divalent ions which lower reverse solute flux because of
lower diffusivity for water treatment using forward osmosis application [65,
66].

3.7.5. Fouling studies of all membranes

The reverse solute fluxes while fouling the membranes using 50 ppm
humic acid was studied. The results are shown in Figurel2, fouling is the
accumulation of organic matter on the surface of the membrane, thereby
reducing water permeation leading to reduced flux. The effect of adding
humic acid on the feed solution resulted in a decline in reverse solute water
flux. In Figure 12, the membrane with 0.1 wt.% QCNTSs for both NaCl and
MgSO, as a draw solute was 5.72 L.m?h?* and 5.03 L.m?h* with a flux of
30% and 37.6% respectively this was declined compared to Figure 11. This
initial decline can be attributed to the adsorption of humic acid on the surface
of the membrane upon the initial introduction of the solution. The membrane
with 0.1 wt.% QCNTSs was still the best performing membrane. This indicated
that the membrane was not easily fouled; the hydrophilicity of the QCNTs
reduced the fouling ability of the membrane.

Upon increasing QCNTSs loading, the reverse solute fluxes decreased
after fouling. The decrease is related to the membrane hydrophilicity, the
membrane is easily fouled due to its low hydrophilicity as per Figure 9. The
humic acid easily fouled the membrane due to the agglomeration of QCNTS.
Agglomeration renders the membranes ineffective. Motsa et al. [67] indicated
that a high fouling propensity causes a flux decline due to the low osmotic
driving force created by the feed solution increased internal concentration
polarization which is why the membranes with 0.3 and 0.5 wt.% reported low
revers solute fluxes.

4. Conclusions

Quaternized polyethersulfone membranes blended with quaternized
carbon nanotubes were successfully prepared via phase inversion method.
These membranes were tested using forward osmosis application for brackish
water desalination. The addition of QCNTSs increased the hydrophilicity of the
membranes. The blend membrane with magnesium sulfate as a draw solute
was found to be dependent on the amount of QCNTSs added. The flux of the
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pristine membrane was 7.24 L.m?h?® and 8.06 L.m?h? for quaternized
membrane. However, as flux increased, rejection decreased as compared to
pure membrane without quaternized CNTs. This is due to the opening of
pores and macro voids observed from the morphological analysis of the
membrane.

The effect of reverse solute flux on the performance of the membrane
was also evaluated. Increase in reverse solute flux decreases the performance
of the membrane during operation due to the solute that has built up on the
feed draw solution. The QCNTs also reduce the fouling ability of the
membrane. This allows the membrane to be used for a longer time while
rejecting the salt. This work has successfully demonstrated that
QPES/QCNTS can be used for FO application. Even though the flux of the
FO membrane is still a significant factor of the process which needs a lot of
research studies. There was a small increase of flux 8.06 Lm2h?in the FO
which will shorten the life span of the membrane due to internal concentration
polarization. It should also be noted that the osmotic pressure for this study at
1M and 2M was 24 bar and 48.9 bar. The concentration used in this study
was supposed to result in a double flux than the obtained one (8.06 Lm2h?),
this indicates that membrane properties improvement is still required,
nevertheless the membrane showed improved properties than the pristine
membrane.

Flux (L/mh)

0% QCNT 0.1% QCNT 0.3% QCNT 0.5% QCNT

Membrane composition

Fig. 10. Pure water flux of PES and composite membranes.
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[l NacCl reverse solute flux
Il MgSO, reverse solute flux

Flux (Um°h)

0% QCNT 0.1% QCNT 0.5% QCNT

0.3% QCNT

Membrane composition

Fig. 11. Reverse solute flux of QPES /QCNT blend membranes.
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Flux(L/m*h)
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Fig. 12. Reverse solute flux after fouling for all membranes.
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