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Multi-wall carbon nanotube (MWCNT)/aromatic polyamide (PA) nanocomposite membranes were
synthesized by a polymer grafting process. Surface morphology, roughness, and mechanical strength of the
resultant nanocomposite membranes were characterized by scanning electron microscopy (SEM), atomic
force microscopy (AFM), and micro-strain analysis, respectively. SEM and AFM images showed that MWCNTs
were well dispersed in the PA matrix. Measurements of mechanical properties of this composite showed
increasing membrane strength with increasing MWCNT content with monotonic increases in Young's
modulus, toughness, and tensile strength. The addition of MWCNTs also improved the rejection of both salt
and organic matter relative to the 10% PA membrane base case. The nanocomposite membrane synthesized
with 15 mg/g MWCNT in a 10% PA casting solution rejected NaCl and humic acid by factors of 3.17 and 1.67
respectively relative to the PA membrane without MWCNTs, while membrane permeability decreased by
6.5%.
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1. Introduction

The structure, high aspect ratio, and chemical bonding properties
of carbon nanotubes combine to produce a material with electro-
mechanical properties that can be exploited in polymer composites to
improve the performance of flame-retarding sheets, create electrically
conductive films, thin film capacitors, and a variety of light-weight,
high-strength structural materials [1–3]. The wide range of possible
applications for carbon nanotubes (CNTs) has been a driving force for
the commercialization and industrial-scale production of high-quality
single-walled (SW), double-walled (DW) and multi-walled (MW)
CNTs, and as a result these materials are now readily available for
incorporation into intermediate and final products as CNT/polymer
composites. However, there are significant challenges in the prepa-
ration of CNT/polymer composites, particularly concerning the need
to ensure adequate interfacial adhesion between the CNTs and
polymers as required to ensure a uniform distribution of CNTs
throughout the composite and avoid agglomerate formation [4].
Furthermore, unless the interface is carefully engineered, poor load
transfer between nanotubes (in bundles) and between nanotubes and
surrounding polymer chains may result in interfacial slippage [5] and
compromise the mechanical strength of the composite. Approaches to
addressing these challenges include chemical modification and
functionalization of the CNTs [6], surfactant treatment [7], and
polymer wrapping [8].

The current study considers the fabrication of porous membranes for
water treatment fromCNT/polymer compositeswhere, in addition to the
challenges previously noted, formulation of the composite must also
address issues such as the impact onmembrane porosity and the relative
affinity of solvent and solutes for the membrane. We consider
improvements that CNTsmightbring tomembranesmade fromaromatic
polyamides (PAs), which are in themselves excellent candidates for
water treatment membranes [9,10] due to their excellent dielectric
properties, superior thermal stability, high strength, and flexibility. The
cross-linked structure of such PAs, yields a network with relatively low
chain mobility, which in turn leads to a critical void size and preferential
sorption of water on the membrane surface in contact with salt water.
The addition of CNTs to polymeric membranes for water treatment has
been suggested as a possible strategy to reducemembrane breakage and
fouling [5]. In this study, we synthesize multi-wall carbon nanotube
(MWCNTs)/aromatic polyamide (PA) nanocomposite membranes by
polymer grafting. N,N-dimethylacetamide (DMAc) was used as a
common solvent for CNTs and the PA polymer. Benzoyl peroxide (BPO)
was used as the initiator leading to the formation of free-radicals on both
CNTs and PA, which produced in turn polymer-grafted nanotubes with
the desired distribution in themembranematrix. SEM and AFM imagery
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confirmed the homogenous distribution of the CNTs throughout the
membranematrix and FTIR confirmed the desired functionalization. The
resulted membranes were characterized with respect to mechanical
properties permeability of ultrapure water and rejection of salts and
humic acid.

2. Experimental

2.1. Materials

N,N-dimethylacetamide (DMAc) (HPLC grade) and benzoyl peroxide
were supplied from VWR and used without further purification. LiCl,
m-phenylenediamine (99+%) and isophthaloyl chloride (99+%),
analytical reagent grade (Fisher), were used as received. Multi-wall
carbon nanotubes were supplied from NanoTechLabs Inc., USA, and
characterized by the company as follows; purity of 95 wt.% an average
diameter of 15 nm and lengths ranging from 0.5 μm to 1 μmwithmost of
the materials closer to 1 μm.

2.2. Synthesis of aromatic polyamide (PA) polymer

Polymerization was carried out in a 500 mL flask with a very
high-speed magnetic stirrer. A solution of 4.326 gm (0.04 mol) of m-
phenylenediamine and 8.48 gm (0.08 mol) of sodium carbonate in
120 mL deionized water was placed in the flask. Vigorous stirring was
begun and a solution of 8.12 gm (0.04 mol) of isophthaloyl chloride in
150 mL of tetrahydrofuran was rapidly poured into the flask from a
beaker. Stirring was continued for 5 min. The product thus obtained is
a white fibrous precipitate. The polymer was separated by filtration;
washed with excess deionized water and thus dried under vacuum at
80–90 °C. The yield of polymer is about 100% of the theoretical value.

2.3. Synthesis of MWCNT-PA composite membrane

Apolymer graftingprocesswasused for the synthesis ofMWCNT-PA
composite membrane. Previous investigators have made polymer–
nanotube composites by mixing the nanotubes and polymer in a
suitable solvent before evaporating the solvent to form a composite film
[11–17]. One of the benefits of this method is that agitation of the
nanotubes added as a powder to the solvent facilitates nanotube de-
aggregation and dispersion. Almost all solution-processingmethods are
variations on a general theme that can be summarized as: i) dispersion
of nanotubes in either a solvent or polymer solution by energetic
agitation; ii) mixing of nanotubes and polymer in solution by energetic
agitation; iii) controlled evaporation of solvent, leaving a composite
film. In general, agitation is provided bymagnetic stirring, shearmixing,
reflux, or, most commonly, ultrasonication.

MWCNTs were used in this study due to the relatively low cost of
these materials, the ease of derivatizing the outer wall without
compromising on CNT strength, and the reduced reactivity compared
with single-wall (SW) CNTs [18]. For the preparation of MWCNT-PA
composite membrane, MWCNTs were dispersed in DMAc solvent via
ultrasonication for 2 h. DMAc solvent was prepared with lithium
chloride salts (1% (wt./v)) as a casting solution for the PA membranes
[9,10,19]. This DMAc LiCl solution was prepared by adding 0.1 g of LiCl
to 10 mL of DMAC and heating to complete dissolution.

Aggregation of CNTs may occur during the solvent evaporation at
the membrane formation step [5]. The addition of benzoyl peroxide
(BPO) initiator was done with the goal of forming of free-radicals on
both CNTs and PA resulting in polymer-grafted nanotubes that would
be better dispersed throughout the casting solution and formingmore
homogenous MWCNTs-PA composite membranes. After the addition
of benzoyl peroxide (BPO) initiator (0.25% (wt./v)), the mixture was
heated with stirring for 3 h at 80 °C. Stirring was continued for 24 h,
then the casting solution was evacuated to remove the dissolved gas,
casted onto a dried clean glass Petri dish and spread with the aid of a
glass rod to form a uniform thin film. A membrane thickness of
200 μm was obtained by controlling the amount of casting solution.
Thus, the film was immediately placed in an oven at 90 °C for 30 min.
When the solvent was completely evaporated, the Petri dish with the
membrane was cooled and immersed in a deionized water bath for at
least 15 h at room temperature. Four different membranes were
synthesized containing 2.5, 5, 10 and 15 mg MWCNTs/g PA,
respectively with a constant PA concentration of 10% by weight in
the casting solution. The properties of the synthesized composite
membranes were compared with those of membrane controls cast
from solutions containing PA concentrations from 10% to 20% without
CNTs and BPO. All membranes were stored at ambient temperature in
deionized water until testing and all experiments were performed
under an atmosphere of N2.

2.4. Characterization of the MWCNT nanocomposite membranes

Characterization of functional groups on the synthesized mem-
branes was done by Fourier transform infrared (FTIR) spectroscopy
(Nicolet 8700, ThermoScientific, USA) with an Attenuated Total
Reflection (ATR) unit (ZnSe crystal, 45°). Membrane samples were
rinsed with deionized water and then dried in a vacuum oven before
analysis. IR spectra of the membranes were recorded in transmittance
mode over a wave number range of 4000 to 650 cm−1 at 25 °C.

The hydrophilicity of the membranes was quantified by contact
angle measured using the sessile drop Young–Laplace method (Kruss
EasyDrop Goniometer, Hamburg, Germany) by placing a drop of DI
water (NANOpure®, Barnstead, Dubuque, IA, USA) on the membrane
surface. All measurements were done in triplicate and angles were
measured upon immediate release of the drops to avoid error due to
evaporation.

The surface morphology of the membrane was investigated by
scanning probe microscope (SPM) (Digital Instruments Dimension
3100, Veeco, Woodbury, NY, USA) and scanning electron microscopy
(SEM) (Superscan SSX-550, Shimadzu Co., Kyoto, Japan). The
membrane surface was scanned in tapping mode with a silicon
nitride probe (ORC8, Veeco Metrology) in deionized (DI) water and
surface roughness parameters were calculated from the images
(Nanoscope v. 6.14).

Mechanical properties of the membranes were measured using a
Micro-Strain Analyzer (TA instruments RSA III, USA) with maximum
force applied =500 gm. Cross-sectional areas of samples of known
width and thickness were calculated. The films were then placed
between the grips of the testing machine. The grip length was 5 cm
and the speed of deformation was set at the rate of 2 mm/min.

2.5. Membrane permeability

Water permeability tests were conducted by observing passage of
ultrapure water through using flat membrane coupons at room
temperature. Measurements of the volume of permeate were taken at
intervals of 5 min for 1 h over a range of applied pressures of 2.9, 3.9
and 4.9 MPa in Sterlitech™ HP4750 high-pressure stirred cells with a
dead-end (Sterlitech, USA) under stirred conditions. Permeability was
characterized as specific flux in units of L/h m2 bar.

2.6. Membrane rejection

The ability of themembrane to reject salt and a naturally occurring
polyelectrolyte, humic acidwas also evaluated in high-pressure stirred
cells. Salt rejection and the accompanying permeate flux were
evaluated using a feed solution of 4000 ppm aqueous NaCl solution
at room temperature. Measurements of permeate volume were taken
at intervals of 15 min for 1 h and at a single constant operating
pressure (3.9 MPa) under stirred conditions. The concentrations of
electrolyte (NaCl) in the feed and permeate over time were measured



Fig. 1. Representative cross-sectional SEM images of a) a control membrane without MWCNTs, b) a nanocomposite membrane with 2.5 CNTs (mg/g), c) a nanocomposite membrane
with 5 CNTs (mg/g), and d) a nanocomposite membrane with 15 CNTs (mg/g).
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using a standardized digital conductivity meter, pH/conductivity
meter model XL 20, Fisher Scientific, USA. A total of 20 mg of humic
acid (Aldrich,Ml, USA)was added to 1000 mL of DIwater. Themixture
was then filtered through the membranes at 40 bar in Sterlitech™
HP4750 high-pressure. Humic substances (UV absorbance at 254 nm)
of the influent and permeate were measured by an UV/Vis spectro-
photometer (U-2000, Hitachi) with a 1 cm cell.

3. Results and discussion

3.1. Synthesis of MWCNT/PA composite membrane

SEM imagery of the functionalized MWCNT in the resulting film
showedMWCNTs to be well mixed and evenly distributed throughout
the polymer matrix even at the highest concentration (Fig. 1) in
contrast with earlier efforts to create CNT/polymer composite
membranes where CNTs were non-uniformly distributed [5,20]. No
evidence was observed of CNT clustering, even as CNT concentration
increased to 15 mg MWCNT/g PA.
Fig. 2. FTIR spectra of laboratory synthesized membranes; blank PA (……), 5 mg/g
MWCNTs-PA(————) and 15 mg/g ( )MWCNTs-PA.
3.2. Characterization of the MWCNTs-PA nanocomposite membranes

3.2.1. ATR-FTIR spectroscopy
The FT-IR spectrumof the blankmembrane (Fig. 2) is quite similar to

thepreviously published IR spectra of similar PA-membranes and shows
the absence of the acid chloride band at 1770 cm−1, indicating that
successful polymerization has occurred [9,10,19]. The band at
1652.7 cm−1 (amide I) is characteristic of theC=Ostretchingvibrations
of the amide group. In addition, other bands characteristic of PA occur at
1541.7 cm−1 (amide II, in-plane N–H bending and C–N stretching
vibrations), 1609.6 and 1488.9 cm−1 (aromatic ring breathing), and
1249.6 cm−1 (amide III). Also, the stretching peak at 3384.2 cm−1 can
be assigned to N–H (and O–H) and suggests several loose associative
features like NH–N hydrogen bonds as also NH–O=C hydrogen bonds.
Fig. 2 also shows that the FT-IR spectra for membranes loading with
Fig. 3. Effects of MWCNTs loadings on surface properties of the nanocomposite
membrane.

Unlabelled image


Fig. 4. Stress–strain curves for control membranes of different PA concentrations.

Table 2
Control membrane RO performance as a function of different PA concentrations.

PA concentration (%) Permeability
(L/m2 h bar)

Flux
(L/m2 h)

Salt rejection (%)

10 0.76±0.08 32±0.7 24±1.1
12.5 0.54±0.10 22±0.9 27±0.9
15 0.45±0.09 19±0.4 31±1.0
17.5 0.35±0.11 14±0.8 55±0.8
20 0.28±0.04 11±0.5 65±0.7

49H.A. Shawky et al. / Desalination 272 (2011) 46–50
various concentrations of MWCNTs are almost identical with that of the
blank membrane.

3.2.2. Surface properties
The contact angle increased from approximately 45° to 75° as the

fraction of MWCNTs in the membrane increased from 0 to 10 mg/g
(Fig. 3). These results are consistent with the hydrophobic nature of
fullerene nanomaterials [21–23]. However, it is notable that such a
significant difference in contact angle is produced at small concentrations
of MWCNTs. As shown in Fig. 3, the surface roughness of the composite
membranes with and without CNTs were similar or perhaps slightly less
in theMWCNT compositemembranes, supporting the visual observation
that the MWCNTs were well dispersed in the polymer matrix.

3.2.3. Mechanical properties
Mechanical testing on rectangular strips of the pure polyamidewas

carried out at 25 °C. Fig. 4 shows the general shape of the stress–strain
curves of the synthesized PA membranes with various concentrations
of PA ranging from 10 to 20% in the casting solution. These curves
exhibit an initial linear portion typical of the elastic response, then
curvature corresponding to the inelastic response before the yield
point is attained at the maximum stress, and finally some strain
softening. Table 1 summarizes the mechanical properties of the PA
membrane without CNTs. The Young's modulus is calculated from the
initial slopes of the linear portion of the stress–strain isotherm. Also,
toughness of the membranes is determined by integrating the area
under the stress–strain isotherm up to maximum extension, which
correspond to the energy or work required for rupture [24,25]. From
Table 1 it can be seen that increasing the polymer concentration from
10 to 20% results in an increase in both maximum strength (11.3 to
30.5 MPa) and Young's modulus (97.8 to 348.3 MPa). On the other
hand, this increase in polymer concentration leads to a decrease in
elongation from 40 to 9.6% and a drop in the toughness from 4.4 to
1.9 MPa. These latter results are consistent with an increasingly rigid
aromatic structure higher intermolecular stiffness with increasing PA
Table 1
Mechanical characteristics of the synthesized membranes.

Sample Tensile
strength [MPa]

Elongation
[%]

Young's
modulus [MPa]

Toughness
[MPa]

Polyamide
concentration (%)

10 11.3 39.8 97.8 4.4
12.5 15.6 35.6 128.1 4.3
15 26.7 26.9 201.4 4.1
17.5 29.2 20.1 214.1 3.8
20 30.5 10.8 348.3 1.9

MWCNTs loading
(mg/g)

2.5 13.4 39.8 210.2 4.7
5 13.3 39.8 210.4 4.6

10 24.1 39.5 316.8 7.9
15 34.3 39.4 491.2 11.3
concentration [26]. An increase in rigidity is typically accompanied by
a decrease in the membrane elasticity leading to a decrease in the
elongation and toughness [24–26].

Stress–strain measurements were also performed on the synthe-
sizedMWCNTs-PA composite membranes where the PA was present at
a concentration of 10%. The addition of CNTs to the membrane
considerably improved the mechanical properties of the membrane
(Fig. 5). Comparedwith the 10% PA-derivedmembrane theMWCNT/PA
composite exhibited a monotonically increasing Young's modulus and
toughness with MWCNT content (Table 1). The increase in MWCNTs
loading from 0 to 15 mg MWCNT/g PA in the membrane increased
membrane strength from 11.3 to 34.3 MPa and the Young's modulus
from 97.8 to 491.2 MPa. In addition, a significant increase in toughness,
from 4.4 to 11.3 MPa was observed. Furthermore, no significant
decrease in elongation was observed, dropping from 39.8 to 39.4%
over the range of MWCNT treatments.

Coleman et al. [2] used the rate of increase of Young's modulus with
volume fractiondY/dVFasayardstick for reinforcement. Thus, the increase
in moduli with the increase in PA concentration from 10 to 20% in the
membranes without CNTs is equivalent to a reinforcement value of dY/
dVF=25 GPa. Meanwhile, a reinforcement value of dY/dVF=262.2 GPa
corresponds to the increase inMWCNTs loading from 0 to 15 mg/g in the
nanocomposite membrane. These impressive improvements in mechan-
ical properties of the membrane may be attributed to the strong
interactions between the polyamide matrix and MWCNTs and homoge-
neous dispersion and adhesion of CNTs, as observed by microscopy
measurements (Figs. 1 and 3).
Fig. 5. Effect of MWCNTs contents on the stress–strain curves for PA membranes.

Table 3
Membrane performance as a function of different MWCNTs loading at constant PA
concentration (10%).

MWCNTs loading
(mg/g)

Permeability
(L/m2/h bar)

Flux
(L/m2 h)

Salt rejection
(%)

0 0.76±0.08 32±0.7 24±1.1
2.5 0.75±0.09 32±0.4 28±1.0
5 0.73±0.07 31±1.1 35±0.7
10 0.72±0.10 30±0.9 69±0.9
15 0.71±0.11 28±0.8 76±1.1

image of Fig.�4
image of Fig.�5


Fig. 6. Removal efficiency of humic acid (initial concentration=20 ppm, UV254=0.499)
by different MWCNT-PA nanocomposite membranes at 40 bar.
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3.3. Effect of MWCNT content on membrane permeability and rejection

Salt rejection, and pressure-normalized water flux (specific flux)
weremeasured for both the PA andMWCNT/PA compositemembranes.
An increasingPA concentration inmembranecasting solution, produced
an increase in salt rejection from24 to 64.5% accompanied by a decrease
in both permeability and specific flux which drop from 0.76 to
0.28 L/m2 h bar and from 32 to 11 L/m2 h, respectively (Table 2).
These salt rejections are relatively low compared with commercially
available PAmembranes that typically show rejections in excess of 90%
for NaCl. The incorporation of MWCNTs into the 10% PA membranes
increased salt rejection significantly with a small sacrifice in permeate
flux (Table 3). The addition of MWCNTs to the 10% PA membrane
increased salt rejection to 76% while specific flux dropped from 0.76 to
0.71 L/m2 h bar in the case of the 15 mg/gMWCNTs-PA. Indeed, the salt
rejection by this membrane exceeded that of the 20% PA membrane
without CNTs. The addition of MWCNT causes a structural compactness
of the composite membranes as a result of the strong interaction
between MWCNTs and PA matrix suggesting a network structure [1,4].
This network structure increases with increasing the amount of CNTs in
the composite. Thus, the lower permeability and higher salt rejection
may be attributed to this network structure [26,27]. Given that the
significant removal of NaCl was observed using all of the membrane
tested, it is not surprising that these membranes also removed the
relatively large-molecular weight humic acid. Humic acid removal by
the MWCNT composite membranes increased from 54 to 90% as the
MWCNT loading increased from 0 to 10 mg/g (Fig. 6).

4. Conclusion

The addition of MWCNTs to the PA membranes to form a
nanocomposite structure improved the mechanical properties of these
membranes and their ability to reject key contaminants with little
compromise in membrane permeability. However, there may be a
reduction in longer-term membrane performance due to adsorptive
fouling since the addition of MWCNTs increased membrane hydropho-
bicity. Additional factors to consider in the development of these
composites include the need to balance the dimensions of the
membrane film cast with those of the reinforcing CNTs, and the effect
of derivative CNTs on membrane casting and performance.
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