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A B S T R A C T

New technologies are required to improve desalination efficiency and increase water treatment
capacities. One promising low energy technique to produce potable water from either sea or
sewage water is membrane distillation (MD). However, to be competitive with other desalination
processes, membranes need to be designed specifically for the MD process requirements. Here we
report on the design of carbon nanotube (CNT) based composite material membranes for direct
contact membrane distillation (DCMD). The membranes were characterized and tested in a
DCMD setup under different feed temperatures and test conditions. The composite CNT struc-
tures showed significantly improved performance compared to their pure self-supporting CNT
counterparts. The best composite CNT membranes gave permeabilities as high as
3.3 � 10�12 kg/(m � s � Pa) with an average salt rejection of 95% and lifespan of up to 39 h of
continuous testing, making them highly promising candidates for DCMD.
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1. Introduction

Carbon nanotube (CNT) [1] based membranes have
attracted interest over the past eight years. Several
groups have reported on CNT composite material
membranes for applications such as pervapouration
of cyclohexane/benzene [2], nanofiltration [3,4] and
separation of hydrocarbons [5]. However to our knowl-
edge no other group has reported on CNT based mem-
branes for use in membrane distillation (MD). MD is an
alternative technique for the purification of sea or sew-
age water. In a direct contact membrane distillation
(DCMD) setup a hydrophobic membrane acts as a

barrier between a warm feed (e.g. sea water) and a cold
permeate of fresh water. A difference in water vapour
pressure is generated due to the temperature gradient
across the membrane and leads to water vapour trans-
fer from the hot to the cold side. The water vapour con-
denses on the cold side creating fresh water as
illustrated in Fig. 1 [6–8].

Current MD processes typically use PVDF or PTFE
membranes. While these membranes are highly hydro-
phobic and exhibit reasonable porosity (*75%), they
are difficult to process and expensive. For MD to com-
pete with the other more established desalination tech-
niques, such as reverse osmosis, it is important that
new membranes structures are developed specifically
suited to the MD process.�Corresponding authors
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One promising structure is the CNT bucky-paper
(BP), a non-woven structure of randomly orientated
CNTs. Self-supporting BPs were characterized by us
in a previous study [9] and found to exhibit many
properties desirable for DCMD [7]. Most importantly,
they exhibited a high porosity (*90%) and contact
angle with deionised water (*120�), a thermal conduc-
tivity of *2.3 W/m�K and a tensile Young’s modulus
of *1 GPa. Both scanning electron microscope (SEM)
analysis and particle exclusion tests gave an average
pore size of *25 nm, and BET tests indicated a high
specific surface area of *200 m2/g, comparable to
those reported in the literature [10]. Furthermore other
studies have shown that they are chemically stable in
seawater [11].

We previously demonstrated that the self-
supporting CNT BP membranes, a non-woven struc-
ture of entangled CNTs, can be used to desalinate syn-
thetic seawater via the DCMD process [9]. These
membranes showed lifespans of up to 3 h under con-
tinuous operation. Their permeability was calculated
to be *0.8� 10�12 kg m�1 s�1 Pa�1 and their salt rejec-
tion efficiency was typically greater than 88%. How-
ever, ageing of the membranes over time limited
their performance and reinforced membranes need
to be designed.

In this work several types of composite CNT struc-
tures were processed from self-supporting CNT BPs
to improve their lifetime and performance. These
composite structures aimed to exploit the desirable
CNT BP properties, while also incorporating poly-
meric materials to improve their strength. The compo-
site structures were characterized with various
techniques such as SEM, contact angle measurements
and BET surface area analysis, and were also tested in
a DCMD setup.

2. Experimental details

2.1. CNT growth

The multiwalled CNTs (9–10 walls) were grown by
chemical vapour deposition at CSIRO Material Science
and Engineering, Melbourne Australia. A 5 nm thick
iron catalyst film was deposited onto a silicon substrate
bearing a thin silicon dioxide layer. A mixture of
helium (95%)–acetylene (5%) was used as the carbon
feedstock and heated to between 650�C and 750�C. The
CNTs typically have an outer diameter of *10–15 nm
and length of 150–300 mm [12].

2.2. CNT BP composite membrane fabrication

First, as grown CNTs were first dispersed in
propan-2-ol. The suspensions were sonicated, up to
five times, for 15 min and at 150 W, in a sonicating
bath. Once a well-dispersed CNT suspension was
achieved, it was immediately filtered through a Milli-
pore filtration unit. During this process the CNTs
were captured on a poly(ethersulfone) (PES) mem-
brane (0.22 mm pore size, Millipore) to produce a pure
self-supporting CNT BP.

Composite CNT BP membranes were produced by
three methods. The first method involved hot pressing
self-supporting BPs between two layers of *55% por-
ous poly(propylene) (PP) supports. The three layers
were maintained between two stainless steel plates
and hot-pressed at 36.9 kN for 15 min at 80�C. This
structure is referred to throughout the text as the
‘‘sandwiched BP’’ composite.

The second structure was a slight variation of the
first and referred to as the ‘‘filtered sandwiched
BP’’ composite. Suspensions of dispersed CNTs were
filtered through a PP support (with a PES membrane
underneath). In this case the CNTs were collected on
and within the pores of the PP support. The PP-CNT
cake was sandwiched with another layer of PP sup-
port and hot-pressed under the same conditions
given above.

Thirdly, a number of ‘‘polymer infiltrated BP’’
membranes were formed by vacuum filtration of a
5% polymer/solvent solution through the self-
supporting BP. Solutions of either poly(styrene) (PS)
or poly(vinyldifluoride) (PVDF) in dimethylforma-
mide (DMF) were used. After polymer infiltration,
analytical grade DMF was filtered through the mem-
brane to backwash the membrane and remove any
non-bonded polymer.

Poly(tetrafluroethylene) (PTFE) membranes, (0.22
micron nominal pore size, Millipore) were also charac-
terized and tested as control membranes.

Feed

Vapour transport

Membrane + vapour gap Permeate

Fig. 1. DCMD concept.
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2.3. Membrane characterization

SEM was used to examine the surface structure of
the composite BP membranes and was performed
with a Philips FEG SEM at 2 kV and 7.5 mm working
distance. An FEI Nova nanolab 200 Dual Beam
Focused Ion Beam (FIB) was used to form cross sec-
tions of the composite CNT BP membranes. Milling
was performed with a 1 nA, 30 kV Ga ion beam, fol-
lowed by 0.3 nA cleaning steps. Contact angles were
measured with a 2 mL pycnometer as described [13].
An average BET surface area was determined by N2
adsorption on a Micromeretics Tristar 3000 [14]. The
samples were first degassed for 70 h and then ana-
lyzed at 77 K. Finally, a pocket goniometer PG-3 from
Fibro Systems was used to determine contact angles.
The tests were performed at 20�C with 4 mL drops of
deionised water [15]. The characterization techniques
and conditions used are described in more detail in a
previous study [9].

2.4. DCMD setup

For DCMD testing the membranes were placed
inside a sealed PTFE module. A peristaltic pump fitted
with two coupled heads was used to control both
permeate and feed flow rates, which were kept con-
stant at 300 mL/min. The temperatures of the water
streams were also kept constant and no significant
temperature drop measured between the inlet and the
outlet of the module. The temperature was therefore
considered constant over the membrane area. The
membrane test area was a 25.4 mm diameter disc. Elec-
trical conductivity and temperature of the hot and cold
electrolytes, as well as water level transferred to the
cold side, were monitored over time. Tests were per-
formed with deionised water and synthetic seawater
(35 g/L NaCl solutions at 11 mS/cm).

Each membrane was tested at six different feed tem-
peratures (20�C; 35�C; 50�C; 65�C; 80�C and 95�C)
while the cold permeate was kept constant at 5�C. Par-
tial pressure differences were calculated for each set of
temperatures using Antoine’s equation:

P ¼ e 23:328� 3841
T�45ð Þ; ð1Þ

where the water vapour partial pressure P is in Pa and
the temperature T in Kelvin (K).

3. Results

3.1. Membrane characterization

The ‘‘sandwiched BP’’ composite structures were
expected to exhibit similar properties to the self-

supporting BPs. The primary effect of the PP support
layers was to reduce the BP surface area exposed to
both permeate and feed streams. The porosity of the
support was measured to be *55% (Fig. 2). The sup-
port macro pores were ovals with major and minor
axes of 750 and 300 mm, respectively. The process of hot
pressing may have also slightly compacted the BP
structure. The specific surface area of ‘‘sandwiched
BP’’ should be similar to that of a self-supporting BP
membrane, as the PP support does not penetrate far
into the BP active layer. The main benefits from the
support were mechanical as reported in greater detail
in the next section. The surface hydrophobicity of the
composite was also reduced to *90–100� compared
to 120� for the pure BP.

The polymer infiltrated BP membranes exhibited a
lower specific surface area of *50 m2/g, as well as a
reduced hydrophobicity (*100� contact angle), com-
pared to pure self-supporting membranes. Fig. 3
compares the surface of a self-supporting BP with a
representative BP which was infiltrated with a 5%
PS solution. The PS appears to partially coat the
nanotubes reducing the membrane specific surface
area. The reduced hydrophobicity is likely caused
by the higher surface energy of the infiltrated poly-
mer [16]. The characterization results are summar-
ized in Table 1.

3.2. DCMD

3.2.1. Membrane permeability

Each composite CNT membrane was tested in a
DCMD setup for a range of test conditions. The mea-
sured fluxes are plotted as a function of the water

Fig. 2. Representative SEM image of the structure of the PP
support.
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vapour partial pressure difference across the membrane
(dP; Fig. 4). While self-supporting BP membranes pre-
sented fluxes of 6–10 kg/(m2 � h), the composite mem-
branes showed fluxes of up to 15 kg/m2 � h, for water
partial pressure differences in the range of 5–45 kPa. As
expected from theory [17], the flux increased linearly
with water vapour partial pressure for each membrane.
Permeances were calculated by taking the gradient of
the best linear fit to the curves in Fig. 4. Then, permeabil-
ities were calculated by multiplying the permeance
value by the average a7ctive layer thickness.

Permeabilities between 1.6 and 3.3 � 10�12 kg/
(m � s � Pa) were determined for the composite CNT
membranes [9]. These values are up to four times that
measured for the pure, self-supporting BP membranes,
clearly demonstrating the benefit and potential of
composite CNT membranes.

‘‘Sandwiched BP’’ membranes gave the best perme-
abilities of all the composite BP membranes, with a
value of 3.3� 10�12 kg/(m� s� Pa). Although the ‘‘fil-
tered sandwiched BP’’ membrane is very similar in
structure, its permeability is half that of the

‘‘sandwiched BP’’ membrane. This may result from a
thicker CNT active layer. The ‘‘filtered sandwich BP’’
membranes were processed by filtering the CNTs
through the PP support so that CNTs likely occupy
partially the pores in the PP support while also forming
a thin layer on top of it. However further characterisa-
tion work is needed to confirm this. The lower perme-
abilities measured for the ‘‘polymer infiltrated BP’’
membranes are consistent with the characterisation
results, which indicated reduced porosity and specific
surface area due to the polymer presence.

Even if composite BP membranes showed
improved performances, those values still remained
in average 0.5–2.5 times lower than the PTFE perme-
ability. The best permeability measured for the CNT
composite membranes was *60% that of the control
PTFE membrane [9]. This is highly promising as PTFE
membranes are amongst the best performing for MD.
Several factors may contribute to the lower permeabil-
ity measured for the composite CNT membranes
compared to the PTFE control.

This may be firstly attributed to the BP membrane
thermal conductivity, which is *10 times greater
than that of PTFE. The thermal conductivity is an
important property for the membrane distillation
process as it determines the amount of heat transfer
through the membrane thus influencing both tem-
perature gradient and vapour pressure difference
across the membrane.

Secondly, the structure and pore shape of PTFE
membranes are distinctly different from the non-
woven structure of self-supporting BP. The BP pores
consist of an interconnected network of interstitial gaps
between CNTs, while PTFE membranes pores are long
and thin due to the stretching process used during their
fabrication. The PTFE pores are also likely to be
straighter, leading to a less tortuous path.

Furthermore, the average BP pore size is *10�15
times smaller than that for PTFE membranes. Theory
on Knüdsen diffusion shows that the molar flux
should be proportional to the radius of the pores,
making this an important property affecting flux
[18]. Pore size [19] and porosity [20] can be tuned in
BP structures and work is currently underway to opti-
mise these properties.

Finally membrane ageing, as discussed in the next
section, may also contribute to the poorer permeability
although further work is needed to confirm this.

3.2.2. Lifespan and salt rejection

The composite BP membranes exhibited improved
salt rejection and lifespan compared with self-

Fig. 3. Top: representative SEM image of the surface of a self-
supporting BP membrane. Bottom: Representative SEM
image of at the surface of a PS infiltrated composite BP
membrane.
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supported structures. The lifespan was defined as the
time taken for the salt rejection to drop below 90%. As
shown in Fig. 5, a slow rise in permeate conductivity
and hence a reduced salt rejection, is observed over
time for most of the tested BP membranes and is
related to membrane ageing as discussed in greater
detail below. The best lifetime of 39 h was recorded
for the ‘‘sandwiched BP’’ composite membranes and
was 13 times higher than that for self-supporting BP
membranes. Most of the composite BP membranes
lasted for over 25 h, whereas all of the self-
supporting membranes cracked within 3 h of contin-
uous testing. This improvement is likely due to the
extra reinforcement provided by the PP supports and
infiltrated polymers.

The average salt rejection was increased from 90%
for self-supporting BPs to 95% on average for the com-
posite BP membranes (Table 1). This salt rejection was
after each test and then average over the series. Salt
rejection of *98.5% were usually reached for the first
tests but continuous testing progressively led to a
decrease of salt rejection.

While testing self-supporting BPs, it was assumed
that the high crack rate propagation was due to
mechanical ageing due to the pulsation of the mem-
brane in the module, thus reducing efficiency and life-
span of the membranes. The addition of the supports or
of the infiltrated polymers led to increased stiffness
and improved lifespan and more stable membranes.
The surface of the sandwiched membranes was also
more protected from flux variation or delamination
due to the PP supports. It does however reduce their

apparent porosity and direct surface of contact, thus
diminishing the potential of the BPs.

Cross sections through the BP structures made by
FIB milling clearly show the formation of cracks in
some regions (Fig. 6). EDS analysis indicated the pre-
sence of sodium in these cracks, confirming that they
form pathways for salty water to cross the membrane
from the feed to permeate. Chlorine was not reported
since the 5 keV accelerating voltage used was not
enough to give a strong signal. However, crack
formation in the composite CNT membranes was
alleviated compared to the pure self-supporting struc-
tures, with longer lifespan and a slower rate of conduc-
tivity increase in the permeate.

The composite BP structures will be further opti-
mised and other embedding methods and structures
investigated to further extend membrane lifespan and
improve their performance

4. Conclusion

In summary, a number of composite CNT mem-
branes were processed from self-supporting BP mem-
branes. We demonstrated that composite CNT
membranes gave comparable flux and permeability
to that of PTFE membranes and consistently performed
better than their self-supporting BP counterparts. In
the ‘‘sandwiched BP’’ structure, the PP supports
improved the membrane lifespan by a factor 10, with
membranes lasting for up to 40 h of continuous testing.
The salt rejection efficiency of the composite structures
was also improved with an average value of 95% for all
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of the membranes while reaching 98.5% for some sand-
wiched structures.

The ‘‘Sandwiched BP’’ composite membranes were
found to be the most efficient of the structures investi-
gated in this work. However different geometries and
material supports should be considered to fully opti-
mize the membrane performance while taking best
advantage of the CNTs properties.

Future work will concentrate on a number of other
composite CNT membranes structures with the aim
of improving their performance for DCMD. For
example, larger pore size CNT based membranes
may lead to improved flux and performance, while
stiffer reinforcements or better connectivity between
CNTs may resolve the ageing issue. Furthermore, dif-
ferent setups such as vacuum membrane distillation
(VMD) may be tested if considered more suitable
than DCMD for the BP structure and properties.
Finally, work is also under way to fully characterize
the BP thermal behaviour and identify how their heat
diffusivity and heat conductivity affect the flux and
the temperature gradient.
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