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ABSTRACT: Carbon nanotube (CNT) enhanced membrane distillation is presented for
water desalination. It is demonstrated that the immobilization of the CNTs in the
pores of a hydrophobic membrane favorably alters the water-membrane interac-
tions to promote vapor permeability while preventing liquid penetration into the
membrane pores. For a salt concentration of 34 000 mg L-1 and at 80 �C, the
nanotube incorporation led to 1.85 and 15 times increase in flux and salt reduction,
respectively.
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’ INTRODUCTION

Membrane distillation (MD) is awater purification process where
a heated aqueous solution is passed through the lumen of a porous
hydrophobic hollow fiber. While preventing the transport of the
liquid phase,MD relies on the net flux of water vapor from the warm
to the cool side of the membrane. Typically, MD is carried out at
60-90 �C,which is significantly lower than conventional distillation.
Therefore, it has the potential to generate high-quality drinkingwater
using only low-temperature heat sources such as waste heat from
industrial processes and solar energy. In general, MD has received
much attention as an alternative to thermal, chemical and reverse
osmosis desalination of sea and brackishwaters.1-6 The driving force
formass transport inMD is providedby the vapor pressure difference
across the membrane.7 A key component in such a process is the
membrane itself because it determines both flux and selectivity. As of
now the throughput of MD processes are relatively low, and the
development of novel membrane architecture is of great importance
to enhance desalination via MD.

Recently, we have demonstrated that immobilizing CNTs in
different types of membranes alter the solute-membrane interactions,
which is one of the major physicochemical factors affecting the
permeability and selectivity of a membrane. Referred to as carbon
nanotube immobilized membrane (CNIM), here the CNTs serve as
a sorbent and provide an additional pathway for solute transport.
These membranes have been used in solvent extraction and pervapo-
ration8 and have demonstrated superior performance.9 The objective
of this research is to study the effect of CNTs on the enhancement in
desalination efficiency via membrane distillation (MD).

’EXPERIMENTAL DETAILS

The membrane modules for MDwere constructed in a shell and
tube format using 1/4 in. tubing and threaded brass pipe fittings.
Thirty-six, 6-in. long hollow fiber strands were used in the module.

Each module contained approximately 0.21 cm2 of effective mem-
brane contact area (based on fiber internal diameter). The ends
were then sealed with epoxy to prevent leakage into the shell side.
Vacuumwas applied to one drain port to draw air through the other
port, which created a higher pressure differential and provided a
sweep air. Air flow was regulated at a rate of 1 L min-1. The CNIM
was prepared using Celgard type X-50 (Celgard, LLC, Charlotte,
NC, USA) hollow fiber as the starting material. The process was as
follows: ten milligrams of multiwall nanotubes (Cheap Tubes, Inc.,
Brattleboro, VT, USA) were dispersed in a solution containing
0.1 mg of polyvinylidene fluoride in 15 mL of acetone by sonicating
for an hour. The PVDF/CNTs dispersionwas forced under vacuum
into the pore structure of the polypropylenemembrane. TheCNIM
was produced during this step and thePVDF served as glue that held
the CNTs in place. The membrane was flushed with acetone to
remove excess CNTs and PVDF. Membrane morphology was
studied using scanning electron microscopy (Leo, model 1550)
and thermo gravimetric analysis (TGA) was performed using a
Perkin-Elmer Pyris instrument.

The experimental system is shown in Figure 2. The salt mixture
used in these experiments contained 88% NaCl and 12%MgSO4.
The solutions tested ranged from 10 to 34 000 mg L-1. The water
to be treated was pumped through the module using a HPLC
pump. The solution traveled through a heat exchanger which
allowed it to be heated to the desired temperature. As the solution
traveled up the module, the permeate was discharged through the
drain port and collected in a vacuum trap. The ionic strength of the
original solution, the permeate and the concentrate weremeasured
using an Oakton EC Testr 11þ multi range conductivity meter.
All experiments were repeated in triplicate and the relative
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standard deviation of these measurements was found to be less
than 5%.

’RESULTS AND DISCUSSION

Scanning electron micrographs of the original membrane and
CNIMare shown in images a and b in Figure 1. The incorporation of
CNTs is clearly evident, and the CNTs were found to be uniformly
distributed. The TGA is presented in Figure 1c. This indicated that
the CNIM contained approximately 0.5% CNTs by weight. It was
also observed the presence of CNTs enhanced the thermal stability
of the membrane by increasing the onset of thermal degradation by
as much as 29 �C. This is an important factor for MD, where the
elevated temperatures can affect the membrane material.

The proposed mechanisms of permeation in the presence of
CNTs are shown in Figure 3. Immobilizing the CNTs in the
pores alters the water-membrane interactions, which is one of
the major physicochemical factors affecting the permeability and

selectivity of the membrane.10 Because CNTs are highly hydro-
phobic, they decrease the tendency of a pore to become wet with
liquid, so higher transport of pure vapor can occur. It is well-
known that gas flow across a membrane pore follows Knudsen,
Fickian, or molecular diffusion11-13. Because CNTs are known
to have rapid sorption and desorption capacity,14-16 it is possible
they allow the water vapor molecules to follow a surface diffusion
pattern, in which the solute hops from one site to another by
interacting with the surfaces. This action may increase overall
vapor transport. The CNTs can also provide an alternate route
for fast mass transport via diffusion along their smooth
surface17,18. The water vapor may also be transported directly
through the inner tubes of the CNTs, which are known to
enhance vapor transport.19

It is also well-established that CNTs have high thermal
conductivity, which is a significant factor.20 The higher thermal
conductivity of the CNTs reduces the temperature gradient in
the membranes, thus reducing condensation and allowing more

Figure 1. (a, b) SEM images of the original membrane and the CNIM. (c) Thermal gravitational analysis of the plain membrane and CNIM.

Figure 2. Schematic diagram of the experimental setup.
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vapor to permeate through the pores. The condensation of water
is known to reduce the hydrophobicity of the membrane leading
to the attraction of more water molecules, which may eventually
lead to pore clogging. The presence of CNTs reduces these
effects. The relatively uniform temperature distribution leads to
higher temperature in the permeate side of the membrane and
lowers the surface tension21 in the pores, thus allowing easier
transport of water vapors.

MD experiments were carried out in the range of 60-100 �C.
For both membrane types, the salt reduction and flux increased
with temperature up to 80 �C. There was a leveling off and even
slight reduction at higher temperatures. This data is shown is
Figure 4a. The absolute level of salt reduction and flux per cm2 of
membrane was higher for CNIM at all temperatures. The
incorporation of CNTs generated higher salt reduction and flux
at significantly lower temperatures. The effect was most pro-
nounced at lower temperatures. For example, at 60 �C and 0.5
mL min-1 feed flow, the salt reduction using CNIM was 6 times
higher and was nearly the same as that accomplished at 90 �C
using the conventional membrane. Both salt reduction and flux
reached their peaks at 80 �Cwhen the CNIM was used. The data
demonstrate that CNIM can provide significantly higher eco-
efficiency, becausemore pure water generation can be carried out
at a significantly lower temperature.

Desalination as a function of flow rate is shown in Figure 4b
when feed solution temperature was at 80 �C. In the flow rate
range studied, in both cases, the salt reduction and flux per cm2 of
membrane decreased with flow rate. Compared to the conven-
tional membrane, the CNIM demonstrated significantly higher
flux and salt reduction at all feed flow rates. Flux doubled in the in
the presence of CNTs and salt reduction increased five times.
This is attributed to some of the reasons mentioned above,
especially the fact that the CNTs serve as sorbent sites for vapor
transport while rejecting the liquid water because of its high
hydrophobicity. Improvement in salt reduction was observed at
all flow rates, which ranged from 1.4 to 4.7 times higher. The
ionic radius of Naþ and Cl- are 1.02 and 1.81 Å, respectively.22 It
is well-known that during reverse osmosis, water clusters exceed-
ing four molecules can transport salt ions through the polymeric
membrane.23 Because the pores here are significantly larger (0.04
μm), the salt permeation in the membranes occurs mainly due to
the entrainment of fine liquid droplets in the vapor phase.
Therefore, it is concluded that the enhancement in salt reduction
in the presence of the CNTs is due to the relatively higher vapor

flux and the rejection of water molecules due to higher hydro-
phobicity. The higher flux and salt reduction have practical
ramifications because they lead to significantly higher efficiency
processes. Higher salt reduction can be attained at higher flow
rates, thus requiring less membrane material and energy per unit
of water treated.

It is well-known that salt reduction in membrane processes
decreases with increased salt concentration.24,25 This was
measured as a function of salt concentration and the data is
presented in Table 1. The measurements were carried out at a
flow rate of 0.5 mL min-1 and 80 �C. These measurements were
made in triplicate and represent a relative standard deviation of
less than 5%. The results showed a substantial decrease in flux
(25%) for the plain membranes as the salt concentration was
increased from 10 to 34 000mg L-1. This phenomenon has been
reported before.26,27 On the other hand, the CNIM showed no
appreciable decrease in flux, most likely due to the hydrophobic
nature of the CNTs, which prevented the liquid phase penetra-
tion into the membrane. Also, the salt reduction capability of
CNIMwas significantly higher at all concentrations. These varied
from 99 to 15%, while in the plain membrane it was 71 to 1%.
This indicates that the CNIM was less susceptible to salt bleed-
through than the standard membrane. Once again, this is
attributed to the CNIM's ability to selectively allow the passage
of water vapor.
Mass Transfer in the Presence of Carbon Nanotubes. The

water vapor flux Jw through the membrane is given by28

Jw ¼ kðCL -CVÞ ð1Þ
where k is the mass transfer coefficient and CL and CV are the
liquid and vapor-phase concentrations.CL is the concentration of
the exit stream (in mg L-1) after the removal of the vapor phase,

Figure 3. Mechanisms of MD in the presence of CNTs.

Figure 4. (a) Effect of temperature on salt reduction and flux at a feed
flow rate of 0.5 mL min-1; (b) effect of flow rate on salt reduction and
flux at 80 �C.
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and CV is the salt concentration in the condensed vapor phase.
Ideally, the latter should be close to zero.
The reciprocal of k is the overall resistance to mass transfer

and29

1
k
¼ 1

kL
þ 1
kM

þ 1
kV

ð2Þ

where 1/kL is the liquid boundary layer resistance, 1/kM is the
membrane resistance, and 1/kV is the permeate side boundary
resistance. The liquid boundary layer resistance is dependent on
parameters such as feed flow rate, viscosity, and density, which
depend upon the salt concentration. Membrane resistance is a
function of the membrane thickness, temperature, and the
permeability of water vapor through the membrane. Permeate
side boundary layer resistance is relatively small because the
vapors are immediately removed. The flux through the mem-
branes was calculated as

J ¼ wp

tA
ð3Þ

where J is the flux, wp is the total mass of permeate collected, t is
the permeate collection time, and A is the membrane surface
area. The overall mass transfer coefficient was calculated by

k ¼ J
c

ð4Þ

where, k is the mass transfer coefficient, J is the flux calculated
from eq 3, and c is the feed solution concentration in mg L-1.
The mass transfer coefficients at a flow rate of 0.5 mL min-1

and different temperatures are presented in Figure 5a, and were
found to be 2-6 times higher in the presence of the CNTs. The
effect of temperature on k was significantly more pronounced for
the plain membrane where the increase was nearly 6 fold in the
60-80 �C range. This was attributed to an increase in the
diffusion coefficient. In general, while diffusivity in themembrane
increases with temperature, the sorption or the partition coeffi-
cient decreased. As a result of these two opposing effects, the
overall increase in kwas not as pronounced in the presence of the
CNTs. Figure 5b shows the effect of flow rate (at 80 �C) on the
mass transfer coefficient. At low flow rates, the overall mass
transfer is controlled by diffusion through the boundary layer.
Turbulence at high flow rates reduces the boundary layer effects,
and at this point k is no longer a function of flow rate. The
flattening of the profile was observed for the unmodified
membrane but not the CNIM. As the flow rate of feedwater
was increased from 0.5 to 1.0 mL min-1, k in the unmodified
membrane increased from 2.78� 10-6 to 5.63� 10-6 m/s, and
stayed more or less constant beyond that point. Interestingly, the

overall mass transfer coefficient was less affected by the presence
of the CNTs at low flow rates and the difference increased with
flow rate. At a flow rate of 0.5 mL min-1, the mass transfer
coefficient of the CNIM was 1.4 times higher than the unmodi-
fied membrane, but increased to 2.7 times at 3 mL min-1. In
general, the presence of the CNTs led to enhanced permeability

Table 1. Salt Reduction and Flux at Different Feed Concentrationsa

membranes with CNTs membranes without CNTs

feed solution concentration (mg/L) % salt reduction total flux (mL cm-2 min-1) % salt reduction total flux(mL cm-2 min-1)

10 99 3.23 71 2.24

100 93 3.19 56 1.90

1000 32 3.28 13 2.00

10000 27 3.05 2 1.86

34000 15 3.09 1 1.67
aAll measurements were at 80�C and at a feed flow rate of 0.5 mL min.

Figure 5. Mass transfer coefficients as a function of: (a) temperature at
a feed flow rate 0.5 mLmin -1; (b) flow rate at 80 �C; (c) concentration
at a flow rate of 0.5 mL min -1 and temperature of 80 �C.
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through the membrane, and mass transfer was not limited by
diffusion through the boundary layer even at high flow rates. The
mass transfer coefficients as a function of inlet salt concentration
at 80 �C and 0.5 mL min-1 are presented in Figure 5c. As
expected, the values of k decreased with concentration, although
they were consistently higher in the presence of CNTs. As
compared to the plain membrane, in the salt concentration range
of 10 to 10 000 mg L-1, the mass transfer coefficients for the
CNIM were higher by a factor of 1.4-3.5. At an inlet salt
concentration of 34 000 mg L-1, the CNIM represented a salt
reduction that was higher by a factor of 15. This indicates that
even at this extreme concentration, the CNIM selectively allowed
the passage of water vapor and minimized salt permeation.

’CONCLUSIONS

The advantages of CNIM compared to conventional MD
include significantly higher flux and salt reduction for a wide
range of salt concentrations up to the equivalent of seawater.
Another advantage is that the CNIM can facilitate membrane
distillation at a relatively lower temperature, higher flow rate, and
salt concentration. Compared to a plain membrane, the CNIM
demonstrated the same level of salt reduction at a 20 �C lower
temperature, and at a flow rate that was six times higher.
Together, these lead to a more efficient process which could
potentially make MD economically competitive with existing
desalination technologies.
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