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A filtration method was used to prepare buckypaper (BP) membranes for water desalination.

The samples are made from a biopolymer (chitosan) containing functionalized multiwall

carbon nanotubes (MWCNTs) with –NH2 and −COOH moieties. Comprehensive character-

istics of all BP membranes were systematically investigated. This included optimisation

of  sonication time, electrical and mechanical properties (ranging from 7 ± 1 to 69 ± 1 S/cm

and tensile strengths between 17 ± 2 and 60 ± 2 MPa, respectively), contact angle (36 ± 3◦

to 105◦±2◦), morphology, surface area (ranging from 12 ± 2 m2/g to 112 ± 4 m2/g), surface

charge, water permeability (from 0.5 ± 0.1 to 6.5 ± 0.2 L/m2 h bar), and salt rejection. The

results indicate that the properties of the BP membrane have been significantly affected

as  the top layer by the type of multi-walled carbon nanotubes. With MWCNTs−COOH /
chitosan BP membranes, the highest permeability towards water was achieved while the

MWCNTs-NH2/chitosan membranes provided the best performance in salt rejection by

mine groups on the top layer, which could be separate monovalent
properly balancing a
and multivalent cations from salt solutions. Moreover, for monovalent cations (e.g. Na+) BP
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membranes (MWCNTs/chitosan and MWCNTs-NH2/chitosan) with sufficiently balanced

amine groups on the top layer are shown to be much bigger rejection than for higher-valent

cations (e.g. Mg2+).

© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the

Y-NC

1

W
b
i
f
a
a
t
s
h
m

f
[
t
b
t
t
n

t
p
m
u
c
i
m
e
e
e

o
p
e
t
c
s
m

a
a
p
i
t
s
f
i
p
s
a

CC  B

.  Introduction

ater is the Earth’s most fundamental resource for life and is
ecoming perilously scarce and befouled. Due to the grow-

ng population, the need for drinking water over the past
ew decades is growing rapidly. Large global population is
ffected by scarcity of fresh water [1]. Water contamination is

 global problem caused by municipal, industrial, and agricul-
ural wastewaters. In order to overcome the problem of water
carcity, the need to build effective and sustainable technology
as arisen in order to increase water supply beyond traditional
eans.
These technologies provide high quality water despite the

eed is wastewater [2–4], seawater [4–7], or brackish water
3,4,7]. Moreover, membrane technologies require less energy
han conventional thermal methods. According to Jay R. Wer-
er et. al. [7], thermal desalination technologies consume five
imes the energy used in membrane technology. Membrane
echnology may play a significant role in purifying and desali-
ating water.

Membrane filtration includes ultrafiltration (UF), nanofil-
ration (NF), and reverse osmosis (RO) membranes in which
ressure is used for separation through a semipermeable
embrane. The pressure required in such process consumes

p to 65%–85% of total energy required by the whole pro-
ess. Consequently, energy required for water purification
s approximately 25% of total water price [7–9]. Therefore,

inimizing energy consumption, while improving membrane
fficiency, will lower the cost of clean water production. Nev-
rtheless, achieving water permeability might come on the
xpenses of the selectivity of removing solutes and pollutants.

An extensive research in this field has been employed to
vercome permeability and selectivity conflict (see, for exam-
le, [10]). Hybrid membrane is one of the most convenient and
fficient approach to overcome the permeability-selectivity
radeoff [6–9]. These membranes are composed of organic
omponents, mainly polymer, and inorganic components,
uch as zeolite [11,12], graphite oxide [13,14], silica [15,16] and
ultiwall carbon nanotubes (MWCNTs) [17–21].
In both academia and industry, MWCNTs draw significant

ttention owing to their prominent mechanical, electrical,
nd thermal features [22–24]. The substantial mass trans-
ort ability of MWCNTs has also been gaining considerable

nterest [25–27]. In addition to their low biofouling proper-
ies, MWCNTs, with core diameters as small as 0.4 nm,  have
hown substantial separation performance [21,28,29]. There-
ore, MWCNTs membranes demonstrate promising potential

n the water treatment sector, especially in the desalination
rocess. For example, Ludovic F. Dumée et. at [30]. developed
elf-supporting BP membrane that exhibited 99% salt rejection
nd a flux rate of ∼12 kg/m2.h.
-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

On the other hand, dispersants are essential for the prepa-
ration of BP membranes. This is due to the tendency of
MWCNTs to form agglomerates as a result of van der Waals
attraction [21,31]. Moreover, the functionalization process of
MWCNTs prevents agglomeration and improves the interfa-
cial adhesion between polymer and the graphitic sidewalls of
the nanotubes. The functionalization process can be either
covalent or non-covalent [31].

With respect to the non-covalent functionalization pro-
cess, it can be achieved using surfactant-assisted dispersion
and polymer wrapping [31]. Surfactant-assisted dispersion
requires, with the assistance of surface-active molecules such
as sodium dodecyl-sulfate (SDS) or Triton X-100, the transition
of MWCNTs to aqueous phase. The formation of aggregates
is efficiently prevented by the physisorption of surfactant on
the surface of nanotubes. In addition, the existence of aro-
matic moieties on the surface of surfactant molecules leads
to �–� combination with MWCNTs, resulting in more  effi-
cient dispersion [32,33]. Polymers, such as, polystyrene [34]
or poly(ether-imide) [35], are applied in polymer wrapping to
form MWCNTs suspension. Similar to surfactants, polymer
chains containing aromatic rings exhibit van der Waals associ-
ations and �–� stacking with MWCNTs, resulting in increased
dispersion [36–38]. It was found that the surface morphology
of the BP membrane was highly dependent on the dispersants
used [39,40].

Biopolymers are polymers that are produced by living
organisms. Biopolymer applications rapidly expand due to its
biocompatibility and biodegradability that meet the growing
need to develop bio-based products. Chitosan is the second
most common polymer on earth right after cellulose. Chitosan
is a natural polysaccharide derived from the process of chitin
deacetylation [21].

The deacetylation degree regulates the chitosan solubil-
ity in acidic medium as well as the tendency to form huge
structures by hydrogen bonding [41–43]. Chitosan has a wide
range of applications, including drug carriers, food packaging
films and bone substitutes, due to high biocompatibility, non-
toxicity, antifungal and antimicrobial activities [44]. Moreover,
chitosan high moisture permeability is an attractive feature
for conducting research in the field of water treatment mem-
branes [45,46]. The chemically active amine and hydroxyl
groups in chitosan structure can be altered and get involved
in hydrogen or coulombic interaction [46]. L. J. Sweetman et.al
[47]. have been integrated single-walled carbon nanotubes
(SWCNTs) into a chitosan matrix via a dispersion-based freeze
dry method. Similarly, aqueous solutions of chitosan have
been used as selective dispersants for multi-wall carbon nan-

otubes (MWCNTs) [48].

This study explores the potential of BP membranes
for water desalination using different carbon nanotubes,
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which are: MWCNTs, MWCNTs−COOH, and MWCNTs-NH2.
In the fabrication process of all BP membranes, chitosan
is used as bio-polymer dispersant. Hydrophilicity, electrical
conductivity, adsorption, and morphology of all BP mem-
branes are investigated. Also, under specific experimental
conditions, water flux and rejection properties of the mem-
branes are examined. Systematically explores the primary
variables that govern the efficiency of these fabricated mem-
branes.

2.  Experimental

2.1.  Materials

Nanocyl, Belgium has obtained the unfunctionalized (MWC-
NTs) and functionalized thin multi-walled carbon nanotubes
MWCNTs T−COOH and MWCNTs -NH2). Both samples of
MWCNTs have a purity of 95 percent and were used without
further purification. Sigma-Aldrich Chemicals, China, pur-
chased NaCl 99%. In Scharlau, Spain, anhydrous magnesium
sulphate (MgSO4) was purchased 98%. 99% MgCl2 was bought
from Supply, Australia. Ajax Finechem Pty Ltd., Australia,
purchased HCl 32%, methanol 99.8% and ethanol 96%. The
rectangular filter paper of polyvinylidene fluoride (PVDF) for
MWCNTs suspension purchased from Millipore (measuring
ca. 142 × 75 mm2 with a pore size 0.22 �m).  The 5.0 �m pore-
sized hydrophobic PTFE membrane filters were imported from
Ireland and used as chitosan solution filtration membranes
to eliminate any remaining chitosan particles. In this analy-
sis, both solutions and dilutions are prepared using Milli-Q®

water.

2.2.  Buckypaper  membrane  fabrication

2.2.1.  Preparation  of  dispersion  solutions
Chitosan solution of 0.2% (w/v) concentration was prepared.
Typically, 6 g of chitosan of an aqueous solution including 1%
(v / v) CH3COOH is dissolved in 3 L. Dispersion solutions are
prepared by combining chitosan with (MWCNTs, MWCNTs
−COOH and MWCNTs -NH2) in aqueous solution. MWCNTs
was added to a dispersant solution at 1:1, w/v and was mixed
by sonication. Sonication time was varied to optimise MWC-
NTs dispersion in solution. The sonication conditions were
∼16 W power output, and pulses were 0.5 s ’on’ and 0.5 off.
The sample bottle was put in a water bath during sonication
to prevent temperature rises.

2.2.2.  Preparation  of  buckypapers
Chitosan solution (150 mL), containing 150 mg  MWCNTs,
MWCNTs−COOH or MWCNTs-NH2, was diluted to 250 mL
and then filtered using a 30–40 mbar vacuum pump using
PVDF hydrophobic filter paper (142 mm,  0.22 �m pore size).
To avoid evaporative loss, the top of the filtration system
was shielded with aluminium foil. The large membrane
was located at 21 ◦C for 24 h between absorbent sheets of

paper with smooth glass at the upper and bottom. From
the filtrating membrane, the dry BP membrane was then
removed.
2 0 2 0;9(4):9080–9092

2.3.  Characterisation  techniques  and  instrumentation

BP membranes were characterized and investigated using the
following instrumentation methods.

2.3.1.  UV–vis-NIR  spectroscopy
For all suspended solutions, a Cary ® 500 UV–vis-NIR spec-
trophotometer has been used to obtain absorption spectra
(300–1000 nm). As stated in previous research, the dispersion
solutions were first diluted with Milli-Q water to ensure that
the measured absorption was within the instrument optimal
range [21]. The dispersion solution was placed into a quartz
cuvette and the sample UV–vis-NIR spectra at room tempera-
ture (about 21 ◦C) were reported.

2.3.2.  Electrical  conductivity
Using the two-point probe method [26], the resistance of the
fabricated membranes was tested at ambient temperature
and 45% ratio of humidity (RH). Our previous work explains
the detailed procedure [21]. An arbitrary generator (Agilent
33220A) of waveform was used to slowly add a −0.1 to + 0.1 V
DC-voltage bridge. A digital multimeter (Agilent 34410A) was
utilized to monitor the responses of current (I) and voltage
(V). A five stream lengths from 0.5 to 3 cm,  measurements
were reported. Using the law of Ohm, electrical resistance was
determined as a function of changed length.

2.3.3.  Contact-angle  measurement
For assess the contact angles, the sessile fall approach and
a DataPhysics ® SCA20 Goniometer equipped with a digital
camera were applied. Using the accompanying DataPhysics
program (SCA20.1), the static contact angle of Milli-Q water
droplets (2-�L) on the BP membrane surface was estimated.
For at least five different locations on each membrane, the
average contact angle was evaluated.

2.3.4.  Scanning  electron  microscope
A JEOL JSM-7500FA SEM obtained the surface morphology and
cross section of all BP membranes. The membrane samples
were dried at 50 ◦C at 24 h in an oven and then the nonconduc-
tive materials were deposited with gold to enhance imaging.
The samples were frozen in liquid nitrogen for cross section
images, and snapped open to expose the inside.

2.3.5.  Mechanical  assessment
Tensile analysis was performed via a tensile tester Shimadzu
EZ-S. First, a Mitutoyo IP65 Digital Micrometer was applied
to determine the thickness of each membrane sample. The
experiment was then conducted at 21 ◦C.

2.3.6.  Surface  area  and  pore-size  distribution  of
membranes
Micrometric ASAP-2020 analyser and Quantachrome Instru-
ments were used to obtain Nitrogen adsorption/desorption
technique at 77 K for BP membranes. Prior to testing, pieces
of BP samples (4 mm2) were activated at 80 ◦C for 16 h under

vacuum. The BET method was used to determine the sample
surface areas [49]. Barret, Joyner and Halenda (BJH) [40] and
Horvath-Kawazoe (HK) [39] methods were applied to estimate
the small as well as big pores of the samples.
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Fig. 1 – A) UV–vis spectra of MWCNTs −COOH/chitosan dispersion as a function of sonication time; B) comparison of the
effects of increasing sonication time on the absorbance at 660 nm of MWCNTs /chitosan, MWCNTs−COOH/chitosan and
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WCNTs -NH2/chitosan dispersions.

.3.7.  Zeta  potential
 SurPASS electrokinetic analyzer (Anton-Paar GmbH, Graz,
ustria) has been used to measure the zeta potential (ZP) of all
embrane surfaces. The streaming potential measurements

f all membranes were performed in 1 mM KCl of background
lectrolyte solution using the Fairbrother-Mastin method. The
H values for all measurements were systematically esti-
ated by titration using HCl and KOH solutions.

.3.8.  Permeability  and  salt-rejection  behaviours
esearch lab-scale crossflow NF/RO [21] was extended to
valuate water permeability as well as salt rejection for BP
embranes of area 40 cm2. All measurements were applied

sing Milli-Q® water. First, all membranes were compressed
or almost 1 h at 22 bar pressure. After a steady baseline flux
as attained, the water permeability of the membranes was

nspected at different pressures. Individual salt solutions 2 g/L

NaCl and MgSO4) were examined to determine salt rejection.

 cross flow of 34.7 cm/s with flow 100 L/h was set at 20 ◦C.
sing the Thermo ScientificTM conductivity meter, Orion 4-
tarTM, Singapore, salt concentrations in feed and permeate
water are calculated. The apparent solute rejection, R (%), for
BP membranes were evaluated based on the following equa-
tion [21]:

R % =
(

1 − Cp

Cf

)
100% (1)

where Cp and Cf are the permeate and feed solutions concen-
trations.

3.  Results  and  discussion

3.1.  Optimisation  of  sonication  time

The sonication of MWCNTs, MWCNTs−COOH and MWCNTs-
NH2 in chitosan was investigated. UV–vis-NIR spectrum
(300–1000 nm)  of the three dispersions was studied (Fig. 1A).

The UV absorbance of each of the three dispersions at 660 nm
was plotted against sonication time (Fig. 1B). The wavelength
of 660 nm was selected to resist absorbance due to chitosan
and Milli-Q water. In agreement with previous researches
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Fig. 2 – Effect of changing the length on the resistance of BP
membranes, produced from different dispersions
containing 0.2% (w/v) chitosan (CHIT) combined with 0.1%

Fig. 3 – Study of the effect of MWCNTs surface
modifications and combining chitosan 0.2% (w/v) on the
mechanical properties of BP membranes.
(w/w)  MWCNTs, MWCNTs−COOH and MWCNTs-NH2.

[21,26,50], absorbance at (660 nm)  was significantly increased
by increasing sonication time. The results obtained from
the UV–vis-NIR spectra reveal that 12-min sonication were
sufficient for the three dispersion solutions (i.e. MWCNTs,
MWCNTs−COOH and MWCNTs-NH2) to be well-dispersed in
chitosan solution. No significant changes in the absorption
of the three dispersions at 660 nm occurred after 12 min.
In addition, 12 min  of sonification were sufficient for the
three dispersion (MWCNTs, MWCNTs−COOH and MWNT-
NH2). However, from Fig. 1B, a 20 min  has chosen for dispersion
of MWCNTs and the modified MWCNTs through the solution.
Previous studies suggested that CNT would not be dispersed
for a long time because the long exposure of ultrasonic energy
that is likely to increase defects and reduce the porosity of the
buckypaper membranes. This may lead to low mechanical and
electronic properties and reduce the efficiency of nanotube
carbon membranes to water permeability [51,52]

3.2.  Conductivity  of  BP  membranes

Electrical properties of BP membranes have substantial impact
on their separation performance [53]. The I–V characteristics
of all fabricated membranes have therefore been calcu-
lated under ambient conditions using the two-point probe
approach. The linear relationships shown in Fig. 2 were
obtained by Eq. 1, and the conductivity values for the three
BP samples are presented in Table 1.

RT = 1
�A

l + Rc (2)

Where RT is the overall resistance, A is the cross-section area,
� is the bulk membrane conductivity, l is strip length, and Rc is
the contact resistance. These results reveal that the conductiv-
ity of MWCNTs/chitosan is 69 ± 1, which is much higher than
that of the two BP membranes with MWCNTs−COOH/chitosan
and MWCNTs-NH2/chitosan. These significant changes in

conductivity can be attributed to the functionalisation process
(i.e. attaching −COOH and –NH2 groups to the surface of MWC-
NTs s). Hence, carbon atoms hybridization of MWCNTs walls
changed from sp2 to sp3 [54]. As a Consequence, the electrons
cannot easily move on the surface of the membranes owing
to the combination between the carboxyl −COOH as well as
–NH2 moieties on the MWCNTs surfaces with a huge num-
ber of chemically reactive moieties (-NH2 and −OH) on the
backbone of chitosan. Additionally, the conductivity values
correlate well with the results reported for the MWCNTs /chi-
tosan BP membrane prepared using MWCNTs and chitosan
[21] as revealed in Table 1.

3.3.  Mechanical  properties

Mechanical strength is of great significance for the fabricated
membranes used in separation applications. Membranes
designed for water filtration must endure substantial pres-
sure for extended periods. The mechanical properties were
therefore examined for the fabricated membranes. Tensile
features values (i.e. tensile strength, elongation, toughness
and Young’s modulus) are illustrated in Fig. 3 and outlined
in Table 1. With the exception of MWCNTs-NH2/chitosan
membrane, the values of tensile strength, Young’s modu-
lus, elongation and hardness for all membranes fall within a
close range. The MWCNTs-NH2/chitosan BP membrane gave
an elongation value of 3.5 ± 0.9%, which was lower than
those of the MWCNTs−COOH/chitosan (5.7 ± 0.1%) and MWC-
NTs/chitosan (4.7 ± 0.7%) membranes. The toughness value
for MWCNTs -NH2/chitosan was significantly low compared
to the other BP membranes. In addition, the tensile strengths
of both MWCNTs−COOH/chitosan and MWCNTs/chitosan
membranes were approximately 3 times higher than that
of the MWCNTs-NH2/chitosan BP membrane. This sug-
gests that there are poor mechanical properties of the
membrane (MWCNTs-NH2/chitosan) relative to the mem-
branes (MWCNTs / chitosan and MWCNTs−COOH / chitosan).
On the hand, the tensile strength and elongation of the
MWCNTs−COOH/chitosan BP were both slightly higher than

the values obtained for the MWCNTs/chitosan BP mem-
brane. This may attribute to strong interactions between the
amine group in chitosan chain and the carboxylic group on
MWCNTs−COOH. Consequently, MWCNTs carboxylation has
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Table 1 – Conductivities, contact angles and mechanical properties of BPs prepared using different types of MWCNTs
/chitosan; the errors are represented with standard deviations; values for all BP membranes represent an average of the
conductivities of two BPs.

BP membrane Contact angle
(◦)

Conductivity
(S/cm)

Elongation
(%)

Tensile  strength
(MPa)

Young modulus
(GPa)

Toughness
(J/g)

MWCNTs/chitosan 105 ± 2 69 ± 1 4.7 ± 0.5 57 ± 3 2.8 ± 0.1 2.1 ± 0.2
MWCNTs-COOH/ chitosan 36 ± 3 7 ± 1 5.7 ± 0.1 60 ± 2 3.3 ± 0.1 2.2 ± 0.3
MWCNTs-NH2/ chitosan 92 ± 4 1.0 ± 0.3 3.5 ± 0.9 17 ± 2 2.2 ± 0.06 0.5 ± 0.1

Fig. 4 – SEM images of the surfaces (A, C and E) and cross-sections (B, D and F) of BP membranes formed from (A and B)
M  (E a

c
m
r
M
t
fi
[

WCNTs/chitosan, (C and D) MWCNTs−COOH/chitosan and

ontributed to changes in the mechanical properties of BP
embranes. Further, the observation correlates well with the

esults of the mechanical properties reported here for the
WCNTs/chitosan BP membrane were approximately similar
o the mechanical features of BPs fabricated by the vacuum-
ltration approach using chitosan and MWCNTs as dispersion

21] as summarised in Table 1.
nd F) MWCNTs-NH2/chitosan.

3.4.  Morphology  of  BP  membranes

The morphologies of the surface and cross-sections of the fab-
ricated membranes were investigated using SEM technique

(Fig. 4) to study the dispersion of MWCNTs, MWCNTs−COOH
and MWCNTs-NH2 in chitosan. SEM images in Fig. 4A, C and
E show that the three BP membranes were well dispersed
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Fig. 5 – Nitrogen adsorption/desorption isotherms for

different BP membranes.

in the aqueous solution containing 0.2% w/v of chitosan.
Moreover, the dark region on the surface of the BP mem-
branes shows that all membranes possessed a large number of
irregularly sized pores aggregated. However, the pores of the
MWCNTs−COOH/chitosan BP membrane was slightly larger
than those present in the MWCNTs /chitosan and the MWC-
NTs -NH2/chitosan membranes. Generally, two BP membranes
(MWCNTs/chitosan and MWCNTs -NH2/chitosan) had very
few surface pores. Further, the cross-sections of SEM image
(Fig. 4F) showed that NH2/chitosan BP membrane has fewer
aggregates of MWCNTs unlike the other two BP membranes
MWCNTs/chitosan and MWCNTs−COOH/chitosan (Fig. 4B,
and D). Whitten et al. [55] reported that chitosan MWCNTs
can result in larger nanotubes agglomerates to their larger
molecular weights than that due to low-molecular-weight sur-
factants.

3.5.  Assessment  of  surface  characteristics

The results of N2 physisorption measurements and BET calcu-
lations revealed that the three BP membranes had a popular
type IV isotherm with hysteresis loop at relative high pres-
sures (Fig. 5). This hysteresis occurs due to alteration between
the adsorbent removal and filling that takes place during a
capillary condensation mechanism [53]. The large peaks (blue
lines) in Fig. 6 for each BP membrane from 0.5 to 2 nm provide
information about the intrabundle pores, whereas the small
peaks (dotted lines) from 2 to 10 nm relate to the interbundle
pores.

The specific surface area, pore width, pore volume and
average bundle diameter for each of the three BP membranes
are summarised in Table 2. The MWCNTs -bundle diameter
was calculated as described by C J. Frizzell et al. [56]. Overall,
the diameters of the nanotube bundles exhibited an inverse
of the values of the surface areas of BP membranes. In con-
trast MWCNTs-NH2/chitosan, having the lowest surface area
(12 ± 2 m2/g), showed the lowest nanotube-bundle diameters
(22 ± 12 nm). While the MWCNTs−COOH/chitosan possessed
the largest surface area (112 ± 4 m2/g) and it demonstrated

the slightly large nanotube-bundle diameters (24 ± 3 nm). This
is probably owing to the existence of the −COOH moieties,
which improve interaction with chitosan while amine groups
decrease it. Since better dispersion of MWCNTs within the
2 0 2 0;9(4):9080–9092

chitosan solution cause decrease in tangling, folding of the
MWCNTs and improvement of their accessibility for nitrogen
adsorption [57]. Thus, these results have a substantial effect on
the permeability behaviour of water for these BP membranes.

Table 2 illustrates that the three BPs are different
in the distributions of their interbundle and intertube
pore volumes. For example, the interbundle pore vol-
ume  of 90 ± 4% appears to make a larger contribution to
porosity in the MWCNTs−COOH/chitosan BP membrane.
This value is very near those of MWCNTs/chitosan and
MWCNTs-NH2/chitosan (82 ± 2% and 85 ± 2% respectively).
Consequently, the intrabundle pore volume of the MWC-
NTs -chitosan (18 ± 2%) was higher than the values obtained
for the MWCNTs−COOH/chitosan (10 ± 1%) and MWCNTs-
NH2/chitosan (15 ± 1%) BP membranes. The results (surface
area, pore diameter, nanotube-bundle diameters and pore-
size distribution volume) indicate that functionalization of the
MWCNTs surface has a significant effect on the pore-size dis-
tribution of BP membranes.

3.6.  Zeta  potential

Surface charge of membranes is a crucial factor for salt
rejection. The ZP of the three BP membranes’ surfaces
were determined and drawn against the pH feed solution
(Fig. 7). The ZP measurements for three prepared membranes
showed different trends (see Fig. 7). ZP results for MWCNTs-
NH2/chitosan membrane exhibited positive values up to pH
8.4 owing to the protonation of the amine moieties (–NH2 to
–NH3

+). As the pH increase, ZP started to have negative values.
In contrast, MWCNTs−COOH/chitosan membrane displayed
negative values of ZP at low pH (e.g. deprotonated −COOH →
−COO–) and as the pH rises, the ZP of the membrane starts
to give positive values (e.g. protonated –NH2 → –NH3

+). This
is in agreement with the structure of the membrane. How-
ever, MWCNTs/chitosan has almost a neutral surface which is
concided with the fact that MWCNTs have no ionisable moi-
eties [58,59]. Previous studies have shown that a more  negative
membrane is more  salt rejected owing to a coulombic interac-
tion between the negatively charged membrane surface and
charged solutes [60,61]. The positive values of ZP at pH range
of 4–8 suggest that the adsorption of NaCl can be increased by
decreasing the pH.

3.7.  Water  permeability

The water permeability of the three BP membranes fabricated
was measured via the crossflow NF/RO approach, in which the
permeate flux was plotted against the pressure applied (Fig. 8).
The permeability findings were estimated on the basis of the
slope of the liner correlation between the applied pressure and
flux.

The Water permeability of the fabricated
BP membranes increased in conjunction with
increasing applied pressure. Water permeability
of the three BP membranes were in the order

MWCNTs−COOH/chitosan > MWCNTs/chitosan > MWCNTs
-NH2/chitosan (Table 2). The average permeability rate of
MWCNTs−COOH/chitosan BP membrane was 6.5 ± 0.2 L/m2

h bar, 16 times greater than that of MWCNTs-NH2/chitosan
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Fig. 6 – Total pore volume as a function of pore diameter for different BP membranes: HK (blue line peak) and BJH methods
(orange dotted peak) data obtained from nitrogen adsorption/desorption isotherms for the following: a) MWCNTs/chitosan;
b .

(
o
t
s
(
h
w

) MWCNTs−COOH/chitosan; and c) MWCNTs-NH2/chitosan

0.4 ± 0.1 L/m2 h bar) and about 4.5 times higher than that
f MWCNTs/chitosan (1.5 ± 0.1 L/m2 h bar). This due to
he presence of a polar group (−COOH) which improved
urface hydrophilicity. This complies with contact angle

Table 1) and surface area values (Table 2). On the other
and, MWCNTs-NH2/chitosan membrane exhibited the lower
ater permeability than the other two membranes which is
consonant with its low hydrophilicity and specific surface
area values (Tables 1 and 2).
3.8.  Salt-rejection  capability

A crossflow RO/NF system was used to determine salt-
rejection capability of all fabricated membranes. Two inor-
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Table 2 – Surface area (ABET), average pore-size diameter (dBET), average bundle diameter (Dbun), interbundle pores,
intrabundle pores and water permeability of BP membranes prepared by a filtration method.

BP membrane Surface area
(m2/g)

Average pore
size (nm)

Average bundle
diameter (nm)

Interbundle
pore volume
(%)

Intrabundle
pore volume
(%)

Water
permeability
(L/h. m2.bar)

MWCNTs/chitosan 45 ± 2 21 ± 2 59 ± 5 82 ± 2 18 ± 2 1.5 ± 0.1
MWCNTs-COOH/chitosan 112 ± 4 10 ± 1 24 ± 3
MWCNTs-NH2/chitosan 12 ± 2 10 ± 1 22 ± 1

Fig. 7 – Zeta potential ZPs of the membranes as a function
of pH.

Fig. 8 – Effect of different applied pressures on permeation

n

flux of the three BP membranes.

ganic electrolytic solutions NaCl, and MgSO4 of concentrations
2 g/L were investigated as a single salt aqueous solution. Each
salt rejection was plotted against the pressure applied (Fig. 9 A
and B). For all BP membranes, salt rejection increases with ris-
ing applied pressure which indicates that gradually increasing
the applied pressure (7–18 bar) progressively increases salt-
rejection levels owing to the ’dilution effect’ [62–64].

The salt-rejection of all fabricated BP mem-
branes increased in conjunction with increasing
applied pressure. The salt-rejection of the three
BP membranes were in the order MWCNTs-
NH2/chitosan > MWCNTs/chitosan > MWCNTs−COOH/chitosa
(Fig. 9 A–B). The MWCNTs-NH2/chitosan BP membrane
exhibited greater salt rejection than that salt rejection of
MWCNTs/chitosan and MWCNTs−COOH/chitosan. This

may be due to more  amine groups (NH2) on the MWCNTs-
NH2/chitosan BP membrane structure, which may increase
the membrane’s surface charge densities. On the other
 90 ± 4 10 ± 1 6.5 ± 0.2
2 85 ± 2 15 ± 1 0.5 ± 0.1

hand, Fig. 9 A B show that the MWCNTs−COOH/chitosan
BP can be as an ultrafiltration (UF) membrane, as it has
lower salt rejection for both of the single salts (NaCl and
MgSO4). It appears that the base composite BP membrane
(MWCNTs−COOH/chitosan) situ amine cross-linked with
MWCNTs−COOH affects the characteristics of the top layer.
The significance of the effect on solute retention based
on the pore distribution and the membrane size. Huiqing
with his group reported that molecules of water and egg
albumin can simply pass through a multi-walled carbon
nanotubes/polymer composite due to the gaps are large
enough. Consequently, the water flux increases and the rejec-
tion decreases by a multi-walled carbon nanotubes/polymer
composite membranes [65]. Adsorption and exclusion by
size contribute to the retention of the solute according to
the pore size [66]. Further, MWCNTs−COOH/chitosan BP
membrane exhibited the lowest salt rejection consonant
with its hydrophilicity (36◦ ± 3◦), great specific surface area
value (112 ± 4 m2/g)  and high water permeability (6.5 ± 0.2) as
shown in Tables 1 and 2.

Furthermore, the observed single salt-rejection order as
seen in Fig. 9 A and B, is R(MgSO4) < R(NaCl), illustrating that
the salt-rejection pattern of MWCNTs /chitosan membranes
is positively charged in accordance with the Donnan princi-
ple. Additionally, the lower rejection level of MgSO4 can be
justified by the decrease in the effective charge on surface of
the membrane, due to the combining of anions of SO4

2− and
Mg2+, which leads to decreased rejection performance [61,67].
However, these results contradict some previous research
indicating that R(NaCl) < R(MgSO4) [37,39], which can be
ascribed to the Donnan feature of salt rejection on negatively
charged NF membranes. The degree of rejection also depends
on the valence of the electrolytes, and several studies have
found that the rate of rejection of salts with the same cation
(Na+) is greater for divalent anions SO4

-2 than monovalent ions
(Cl-), and that with monovalent counter-ions (Na+) electrolytes
have a higher rate of rejection than divalent counter-ions
(Mg2+) [40].

The surface charge depends on the ionisation level and,
thus, the pH of the aqueous solution. The membrane with
amine groups could have a positive charge when pH is low
(e.g. protonated (–NH2 → – NH3

+), and the surface of the mem-
brane with carboxyl groups could have a negative charge when
pH ranges from moderate to high. The fabricated buckypaper
membranes (MWCNTs/chitosan, MWCNTs−COOH/chitosan
and MWCNTs-NH2/chitosan) were used at various pH val-
ues (ranging 10–3) with constant temperature of 20 ± 2 ◦C to

investigate NaCl (concentration 2 g/l) rejection. The pressure
was tuned to acquire the same permeate flux for three BP
membranes and the results are illustrated in Fig. 10. The
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Fig. 9 – Comparison of the BP membranes’ salt-rejection performances: A) observed rejection (%) of NaCl; B) observed
rejection (%) of MgSO4.

Table 3 – Comparison of pure and functionalized MWCNTs /chitosan membrane with other membranes in the literature
for salt rejection.

Membrane materials Membrane type Rejection (%) Ref.

Base Modified

APTS-acid functionalized-CNT NF 65.46 93.67 [70]
PCL-acid-functionalized-CNT NF 8.65 26.71 [71]
TiO -acid functionalized-CNT NF 69 80.7 [72]

r
a
p
t
c
t
N
f
c
f
t
p

2

PAA functionalized-CNT NF 

MWCNTs /chitosan NF 

ejection of NaCl for two BP membranes (MWCNTs/chitosan,
nd MWCNTs-NH2/chitosan) had increased by reduction the
H of the feed solution. This could be attributed to pro-
onate of the amine groups (NH2+H+↔NH3

+), which are
hiefly responsible for interactions with anions [68,69]. While
he MWCNTs−COOH/chitosan membrane exhibited that, the
aCl rejection is lowest due to blockage of the free amino

unctional groups of chitosan during the crosslinking pro-
ess [69]. A comparison of the salt rejection data collected

rom the litrature [70,71] utlizing various membranes con-
ainaing carbon nanotube with this work for nanofiltration is
resented in Table 3. Summing up, the obtained data display
1.6 15.3 [73]
6.1 66.3 This work

that the fabricated membrane provides new exciting chances
for nanofiltration membranes.

4.  Conclusion

Three buckypaper membranes (MWCNTs/chitosan,
MWCNTs−COOH/chitosan and MWCNTs-NH2/chitosan)
were fabricated applying a filtration method. The

MWCNTs/chitosan BP membranes had the highest
electrical conductivity, whereas the BP membranes
(MWCNTs−COOH/chitosan and MWCNTs-NH2/chitosan)
had significantly lower electrical conductivity values.
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Fig. 10 – Comparison of salt-rejection performances of

r

three BP membranes.

MWCNTs−COOH/chitosan BP membrane showed better
mechanical properties than the other two BP membranes. On
the other hand, COOH/chitosan BP membrane also had the
highest permeate flux (6.6 ± 0.2 L/m2 h bar). This is attributed
to the superior wettability and larger internal pores in the
MWCNTs−COOH/chitosan BP, which plays a significant role
in speeding the transportation of water molecules. While the
results demonstrate that the single salt-rejection capacities
(NaCl and MgSO4) improved significantly when both MWC-
NTs/chitosan and MWCNTs-NH2/chitosan BP membranes
were used. This owing to presence of –NH2 groups in the
chitosan structure and the attachment to MWCNTs, which
can be an effective adsorbent for salts from solution by its
positive charge. In addition, crosslinking between the primary
amine moieties of chitosan and the carboxylic groups on the
walls of MWCNTs can result in low density of surface charges
and larger internal pores. Therefore, the rejection capacity of
single salts by MWCNTs−COOH/ chitosan BP was significantly
decreased.
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