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ABSTRACT

Membrane distillation (MD) is a thermally driven separation process that uses hydrophobic
membranes. Although MD has been considered as an alternative desalination technology,
relatively little information is available on the design and optimization of MD modules.
Accordingly, this study focused on the comparison of various MD modules and the optimi-
zation of their operation conditions. Direct contact MD, air gap MD, and vacuum MD were
experimentally compared using laboratory-scale systems. Then, the results were theoreti-
cally analyzed using a simple transport model. Different mass transfer mechanisms inside
the membrane were considered in the model, including molecular diffusion, the Knudsen
diffusion, and viscous flow. Experimental results showed that the temperature dependences
of MD modules were different. This suggests that the optimum feed temperature should be
different for each MD module. The dominant mass transfer mechanisms were also
identified using the theoretical model for better understanding the characteristics of the MD
modules.

Keywords: Membrane distillation; Membrane module; Direct contact membrane distillation;
Air gap membrane distillation; Vacuum membrane distillation; Model; Mass
transfer mechanism

1. Introduction

Membrane distillation (MD) is a novel desalination
technology, which has potential as a cost-efficient
alternative to the existing desalination technologies
including multi-stage flash distillation and reverse
osmosis [1–3]. The driving force for MD is vapor

pressure difference across a porous hydrophobic
membrane [4,5]. MD can be operated under relatively
low temperature conditions ranging from 50 to 80˚C
[6], allowing the use of solar thermal energy or waste
heat [7,8]. MD also has other attractive features,
including high rejection of most inorganic ions (over
99.9%); and capability of high recovery ratio (over
50%) [2,9].
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Generally, MD can be divided into the following
configurations, based on the different methods to cre-
ate a vapor pressure difference across the membrane
[5]: (a) direct contact membrane distillation (DCMD)
[10]; (b) air gap membrane distillation (AGMD) [11];
(c) sweeping gas membrane distillation (SGMD) [12];
and (d) vacuum membrane distillation (VMD) [13]. In
DCMD, the cooling solution directly contacts the per-
meating side of the membrane. In AGMD, the perme-
ated water vapor, after passing through the air gap in
the module, is condensed on a cooling plate inside the
module. In SGMD, a sweeping gas drives the water
vapor that condensates outside the system. In VMD,
vacuum carries the water vapor out of the system and
condensation occurs outside the module using addi-
tional condenser.

MD process involves simultaneous heat and mass
transfers from the feed side, across the boundary
layer, and membrane, to the permeate side. Accord-
ingly, there are a lot of factors affecting the perfor-
mance of MD. For example, the hydrophobicity, pore
size, and thermal conductivity of membranes are
important in determining the MD configurations
[5,14]. Operating parameters such as flow rate, tem-
perature difference, and vapor pressure difference are
also important [9,12,15,16]. Unlike pressure-driven
membrane processes, not only concentration polariza-
tion but also temperature polarization should be con-
sidered in MD [2]. Membrane fouling and pore
wetting, which are closely related to membrane char-
acteristics and operating conditions, are key issues to
successful application of MD [3].

Thus, it is difficult to design an optimum MD
module because both thermal and hydrodynamic
effects play an important role [17,18]. Accordingly,
this study aims at the analysis of different MD mod-
ules for better understanding of characteristics of MD
modules. DCMD, AGMD, and VMD were experimen-
tally compared using lab-scale MD systems. A simple
model considering different transport mechanisms
was developed and applied. The dominant transport
mechanism and the loss of mass transfer rate were
identified using the model.

2. Experimental method

2.1. Membrane

A commercially available hydrophobic PVDF
(Polyvinylidene fluoride) membrane (Millipore, USA)
was used. Table 1 summarizes the basic properties of
the membrane.

2.2. MD test

Three laboratory-scale test systems for DCMD,
AGMD, and VMD modules were developed for the
experimental study. The basic concepts for the three
modules are shown in Fig. 1. The schematic diagrams
for the modules are also shown in Fig. 2. Each system
has a flat sheet module of same membrane area. In
DCMD configuration (Fig. 2(a)), the hot solution (feed)
was supplied to directly contact the hot membrane
side surface using a gear pump. The vapor was
moved by the pressure difference across the mem-
brane to the permeate side and condensed inside the
membrane module. An electronic balance connected to
a data logger was used to continuously measure water
flux through the membrane. In AGMD configuration
(Fig. 2(b)), the vapor was moved by the pressure dif-
ference across the membrane to the air gap of perme-
ate side and condensed cold surface inside the
membrane module. The range of air gap length could
be adjusted between 1 and 4mm. An electronic bal-
ance connected to a data logger was used to continu-
ously measure water flux through the membrane. In
VMD configuration (Fig. 2(c)), a vacuum pump was
used to create a vacuum in the permeate membrane
side. The range of vacuum was between 3 and 100
mbar. The vapor passing through the membrane was
condensed in the cold trap and collected in the perme-
ate tank, where an electronic balance was connected to
measure the flux.

In each system, the temperature of feed was con-
trolled using a heater which is connected to a temper-
ature sensor. It was constantly maintained by a
feedback control system. The temperature of distillate
in DCMD was controlled by using a water bath and a

Table 1
Property of the MD membrane

Membrane
Nominal pore size
(μm)

Effective area
(cm2)

Membrane
type

Surface
property

Contact angle
(˚)

Porosity
(%)

Millipore
PVDF

0.22 12.2 flat-sheet Hydrophobic 145 75
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heat exchanger. The temperature of cooling plate in
AGMD and vapor condenser in VMD was also con-
trolled using water baths. The recirculation flow rates
and feed temperatures were adjusted to 24 L/h and
from 40 to 70˚C.

Experiments were carried out using same MD
membranes in different MD systems. The operation
conditions were adjusted to be similar. Detailed oper-
ating conditions are summarized in Table 2.

3. Results and discussion

3.1. DCMD

To begin, a set of fundamental tests was performed
in the DCMD system under different conditions. Fig. 3
shows the dependence of flux through the MD mem-
brane on time at various feed temperatures in the
DCMD system. The permeate temperature was con-
stant at 20˚C, allowing the temperature difference
between 20 and 50˚C. The flow rates for feed and
permeate were 24 L/h. As expected, the MD flux
increases with increasing feed temperature due to an
increased vapor pressure difference. At the feed
temperature of 70˚C, the average flux was about
20 L/m2-hr, which is almost five times more than the
flux at the feed temperature of 40˚C. The NaCl
rejection was over 99.9%, indicating that there was no
wetting or leakage.

3.2. AGMD

Fig. 4 shows flux as a function of feed temperature
in the AGMD system. Although the same membrane
was used, the flux in the AGMD was lower than that

in the DCMD even at same feed temperature. This is
attributed to an additional mass transfer resistance by
air gap [11]. Again, the flux increases with an increase
in feed temperature. For example, the flux at 70˚C of
feed temperature was about 10 L/m2-hr, which is
almost five times more than the flux at the feed tem-
perature of 40˚C. The NaCl rejection was also over
99.9%.

3.3. VMD

Fig. 5 shows the effect of temperature on flux in
the VMD system. At 100mbar vacuum, the flux was
negligible when the feed temperature was lower than
50˚C. Above this, the flux was highly dependent on
the feed temperature. At 3mbar vacuum, the flux was
much higher than that at 100mbar. Nevertheless, the
flux at 40˚C was still small. These results suggest that
the efficiency of VMD is sensitive to feed temperature.
Depending on the degree of vacuum, the minimum
feed temperature to produce permeate is likely to be
determined. The NaCl rejection was also over 99.9%.

3.4. Experimental comparison of MD modules

The driving force in MD is the difference in vapor
pressure across the membrane. In DCMD and AGMD,
the vapor pressure difference is a function of feed and
permeates temperature. In VMD, it is expressed as the
difference between vapor pressure of feed and degree
of vacuum. The vapor pressure of water is given by:

Pw ¼ exp
a1
T
þ a2 þ a3T þ a4T

2 þ a5T
3 þ a6 ln ðTÞ

� �
(1)

Fig. 1. Basic concept for MD modules (a) DCMD, (b) AGMD, and (c) VMD.
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Pv ¼ Pw

1þ 0:57357 Cm

1000�Cm

(2)

where Pw is the vapor pressure of pure water; Pv is the
vapor pressure of solution, T is the temperature; and

Cm is the solute concentration. a1, a2, a3, a4, a5, and a6 are
empirical constants (for water: a1 = −5.8002206 × 103; a2
= 1.3914993; a3 = −4.8640239 × 102; a4 = 4.1764768 × 10−5;
a5 = −1.4452093 × 10−8; a6 = 6.5459673). In Fig. 6, the
permeate velocities for MD modules are presented as a
function the vapor pressure difference. The permeate
velocity was calculated from the flux. Although the
feed temperature was the same, the vapor pressure
differences in the VMD module are different from those
in the DCMD and AGMD modules. Overall, VMD has
higher vapor pressure difference than DCMD and
AGMD, allowing the higher permeate velocity. In
addition, DCMD and AGMD have same vapor pressure
difference but different permeate velocities. These
results suggest that the mass transfer in MD modules is
complex and needs an in-depth analysis.

Fig. 2. Schematic diagram of lab-scale MD systems (a)
DCMD, (b) AGMD, and (c) VMD.
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Fig. 3. Effect of feed temperature on flux in DCMD (a) flux
profiles and (b) average flux.

J. Koo et al. / Desalination and Water Treatment 54 (2015) 862–870 865



3.5. Theoretical approach of mass transfer in MD modules

To analyze the mass transfer phenomena in MD
modules, a simple theoretical approach was applied.
The mass transfer in MD consists of two steps: one is
across the boundary layer at the feed side; the other is
across the membrane. The latter is somewhat compli-
cated and includes several basic mechanisms. Fig. 7
illustrates the relationship of all the possible basic
mass transfer mechanisms; Knudsen diffusion, molec-
ular diffusion, Poiseuille flow, and additional term
(including boundary layer mass transfer and/or air
gap mass transfer, etc.).

The mass transfer coefficient for molecular
diffusion (Bm) is given by:

Bm ¼ Mv

1� xA

eD
dsRTavg

(3)

where Mv is the molecular weight; xA is the mole
fraction of water vapor; ε is the porosity of the mem-
brane; δ is the membrane thickness; τ is the pore tortu-
osity; R is the gas constant; and Tavg is the average
temperature inside the membrane pore; and D is the
diffusivity in the pores, which can be described by:

D ¼ 1:895� 10�5T2:072

P
(4)

The mass transfer coefficient for Knudsen diffusion
(Bk) is given by:

Bk ¼ 1:064
re
ds

ffiffiffiffiffiffiffiffiffiffiffiffi
Mv

RTavg

s
(5)

where r is the membrane pore size.
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Fig. 5. Effect of feed temperature on flux in VMD.

Table 2
Operating conditions of laboratory-scale MD process test unit

Item
Condition

Operation type DCMD AGMD VMD
Operation time 100min 100min 100min
Effective membrane area 12.2 cm2 12.2 cm2 12.2 cm2

Flow rate Feed 24 L/h 24 L/h 24 L/h
Permeate 24 L/h – –

Membrane PVDF 0.22 μm 0.22 μm 0.22 μm
Solution Feed (volume) 0.2M NaCl (2L) 0.2M NaCl (2L) 0.2M NaCl (2L)

Permeate D.I water – –
Temperature Feed 40, 50, 60, 70˚C 40, 50, 60, 70˚C 40, 50, 60, 70˚C

Permeate 20˚C –
Vacuum pressure Feed – – –

Permeate – – 3, 100mbar
Air gap length – 2mm –
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Fig. 4. Effect of feed temperature on flux in AGMD.
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The mass transfer coefficient for Poiseuille flow
(Bv) is given by:

Bv ¼ r2eMv

ds
Pm

8gRT
(6)

where η is the vapor viscosity and Pm is the pressure
inside the pore.

Finally, the mass transfer coefficient for additional
transport (B1 is calculated by):

Nl ¼ 1
1

Nexp
� 1

Nsum

(7)

Bl ¼ Nl

DP
(8)

where Nl is the flux by additional transport mecha-
nism; Nexp is the flux determined by the experiments;

ΔP is the vapor pressure difference; and Nsum is the
overall flux by the three mechanisms (molecular diffu-
sion, Knudsen diffusion; and Poiseuille flow). Note
that the additional mass transfer coefficient is empiri-
cally determined. All kinds of mass transfer losses can
be considered through this approach.

The occurrence and the weight of a mechanism in
mass transfer process rest on the characteristics and
structure of the membrane module. For instance, the
contribution of Poiseuille flow is negligible for DCMD
and AGMD. On the other hand, the molecular diffu-
sion is negligible for VMD. The relative contribution
of transport mechanisms may depend on the module
type as well as operating conditions. Finally, Bt is
given by:

Bt ¼ 1
1
Bm

þ 1
Bk
þ 1

Bl

for DCMD and AGMD

Bt ¼ 1
1

BmþBv
þ 1

Bl

for VMD

Fig. 8 shows the mass transfer coefficients by dif-
ferent mechanisms in the DCMD module. The mass
transfer coefficient for Knudsen diffusion is the high-
est and that for additional transport is the lowest. This
implies that there are additional losses in mass trans-
fer in the current DCMD module, which may result
from boundary layer resistance and temperature
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polarization. Compared with Knudsen diffusion, the
molecular diffusion was small. In this case, the mean
free path was calculated to about 0.11 μm and the
Knudsen number is 0.268, which is large enough to
make the Knudsen diffusion dominant.

Fig. 9 shows the mass transfer coefficients accord-
ing to different mechanisms for the AGMD module.
Compared with DCMD, the mass transfer coefficient
is smaller, which is attributed to additional mass
transfer resistance by the air gap. In fact, the addi-
tional mass transfer coefficient is much smaller in
AGMD, leading to a decrease in the overall mass
transfer coefficient.

The results for VMD are shown in Fig. 10(a) and
(b). In VMD, the mass transfer by viscous flow is con-
sidered instead of molecular diffusion. Regardless of
the degree of vacuum, the Knudsen diffusion is the
fastest mass transfer mechanism. However, the overall
mass transfer is limited by additional mass transfer
resistance, which may result from mass transfer from
the module to the condenser and vapor condensation
in the condenser. If this additional resistance is
reduced, higher flux may be obtained in VMD. At
high degree of vacuum (Fig. 10(b)), the Bl is higher
than that at low degree of vacuum (Fig. 10(a)), imply-
ing that the degree of vacuum may affect the addi-
tional mass transfer resistance.

Fig. 11 compares the dependence of the overall
mass transfer coefficients on temperature in different
MD modules. The overall mass transfer coefficient

decreases with increasing temperature in DCMD and
AGMD; while it increases with temperature in VMD.
This suggests that the mass transfer efficiency is pro-
portional to feed water temperature in VMD and
inversely proportional in DCMD and AGMD. How-
ever, the flux increases with temperature even in
DCMD and AGMD because the increasing rate of
vapor pressure with temperature is higher than the
decreasing rate of mass transfer coefficients. These
results indicate that the operating conditions such as
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feed temperature should be determined by consider-
ing not only flux and productivity but also mass trans-
fer coefficient.

4. Conclusions

In this work, three MD modules including DCMD,
AGMD, and VMD were compared to provide insight
into the design and optimization of MD systems. The
following conclusions can be drawn:

(1) Although the same membrane was used under
similar operating conditions, the flux was dif-
ferent, which is attributed to the difference in
the transport mechanism. The flux in VMD at
high degree of vacuum was the highest and
that in AGMD was the lowest. The flux in
VMD was highly affected by the change in
feed temperature.

(2) Under the test conditions, the Knudsen diffu-
sion was the fastest. However, due to addi-
tional mass resistance, the overall mass
transfer was much lower. Molecular diffusion
was smaller than Knudsen diffusion in DCMD
and AGMD. Poiseuille flow effect was negligi-
ble in VMD.

(3) In DCMD and AGMD, the overall mass trans-
fer coefficient decreases with increasing tem-
perature. However, in VMD, it increases with
temperature. Accordingly, DCMD and AGMD

seem to be less efficient at high feed tempera-
tures while VMD seems to be more efficient at
high feed temperatures.
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