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ABSTRACT

Membrane distillation (MD) is a thermally driven membrane process using porous hydro-
phobic membranes. MD has been investigated as an alternative desalination technology due
to its advantages over multi-stage flash (MSF) and reverse osmosis (RO). Nevertheless, it is
difficult to design and optimize the MD systems under various conditions, because both
thermal and hydrodynamic effects play an important role. Therefore, this study focused on
performance analysis of MD systems in different configurations. Direct contact MD (DCMD)
and vacuum MD (VMD) were experimentally compared using laboratory-scale systems. A
simple model was also applied to analyze the difference between two configurations theoret-
ically. Experimental results indicated that permeate flux in DCMD and VMD were sensitive
to the operating conditions. Using same membranes, two MD systems showed different flux
behaviors. The influences of operating parameters for DCMD and VMD on overall efficiency
were also investigated. The model results also confirmed the difference between these two
systems theoretically.

Keywords: Membrane distillation; Direct contact membrane distillation; Vacuum membrane
distillation; Desalination; Water treatment

1. Introduction desalination technologies [1-4]. MD is a thermally
driven separation process, in which only vapor mole-
cules are able to pass through a porous hydrophobic
membrane. MD is driven by the vapor pressure
difference between the porous hydrophobic membrane
surfaces. It allows the operation under relatively low
temperature conditions ranging from 50 to 80°C [9,10].
These operating temperatures for MD are significantly
lower than those of conventional distillation processes

Currently, multi-stage flash distillation (MSF) and
reverse osmosis (RO) are the most frequently used
techniques for desalination of brackish water and sea-
water [1-5,9]. Nevertheless, new technologies such as
membrane distillation (MD) have been widely
investigated as cost-efficient alternatives to the existing
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such as MSF, which corresponds from 90 to 120°C [11].
MD also has other attractive features, including high
rejection of most inorganic ions (over 99.9%); and
capability of high recovery ratio (over 50%).

Nevertheless, it is difficult to design and operate
MD systems, because both thermal and hydrodynamic
effects play an important role [1-3]. Moreover, the
performance of MD systems depends on their configu-
rations. Generally, MD can be divided into the follow-
ing configurations, based on the different methods to
create a vapor pressure difference across the mem-
brane [1,2]: (a) direct contact membrane distillation
(DCMD); (b) air gap membrane distillation (AGMD);
(c) sweeping gas membrane distillation (SGMD); and
(d) vacuum membrane distillation (VMD). In DCMD,
the cooling solution is in direct contact with the per-
meating side of the membrane. In AGMD, the perme-
ated water vapor, after crossing the air gap in the
module, is condensed over a cool surface inside the
module. A sweeping gas is driving the water vapor
out of the system that also condensate out of the sys-
tem in SGMD, while vacuum carries the water vapor
out of the system and condensation occurs outside the
module by cooling in VMD.

Among four different configurations, DCMD is the
simplest one, which allows relatively high flux and
ease of operation. Accordingly, most studies on MD
have been done using DCMD systems [9]. Neverthe-
less, the thermal efficiency (defined as the fraction of
heat energy which is only used for evaporation) in
DCMD is relatively small. In contrast to DCMD,
AGMD has high thermal efficiency but low flux.
SGMD has characteristics similar to both DCMD and
AGMD, but requires large sweeping gas flows to get
significant permeate yield. On the other hand, VMD
can achieve high flux and high thermal efficiency,
which has potential for successful application to sea-
water desalination. However, VMD is the least stud-
ied configuration [9] due to the inconvenience to set
up vacuum equipment and external condensers.

The mechanism of transport in MD involves simul-
taneous heat and mass transfer from the feed side,
across the boundary layer, and membrane, to the per-
meate side. Accordingly, there are a lot of factors
affecting the performance of MD. The hydrophobicity,
pore size, and thermal conductivity of membranes are
important in determining the MD configurations [6,7].
Operating parameters such as flow rate, temperature
difference, and vapor pressure difference are also
important [8]. Unlike pressure-driven membrane pro-
cesses, not only concentration polarization (CP) but
also temperature polarization (TP) should be consid-
ered in MD. Membrane fouling and pore wetting are
key issues to successful application of MD.
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In this study, we aimed at the analysis of MD sys-
tems under various conditions. Direct contact MD
(DCMD) and vacuum MD (VMD) configurations were
selected for establishing a comparison of the mem-
brane performances used in these two methods [4].
Both VMD and DCMD systems were developed in
laboratory scale and operated under similar condi-
tions. The experimental results were also analyzed
using a simple theoretical approach. Based on these
results, the potential of VMD and DCMD for seawater
desalination were discussed as well.

2. Theoretical analysis

Mathematical models for DCMD and VMD were
developed in this study for better understanding of
various MD systems. We only give a broad outline of
the model here, since details are provided separately.
Different mass transfer mechanisms inside the mem-
brane were considered in the model, including molec-
ular diffusion, the Knudsen diffusion, and viscous
flow. Concentration polarization and TP were esti-
mated using the Sherwood and Nusselt correlations,
respectively. The models were implemented using
MATLAB graphical user interface and allow the user
to interactively assign parameters values. Table 1 sum-
marizes the model equations used in this study.

3. Experimental method
3.1. Membranes

Commercially-available hydrophobic PVDF (poly-
vinylidene fluoride) membrane (Millipore, USA) and
PTFE (polytetrafluoroethylene) membrane (Millipore,
USA) were used. Table 2 summarizes the basic prop-
erties of these membranes.

3.2. MD systems

Two laboratory-scale systems for DCMD and VMD
were developed for the experimental study. Figs. 1
and 2 illustrate the concepts and schematic diagrams
of the experimental setup for these two systems,
respectively. Each has membrane modules with same
membrane area. In DCMD configuration (Fig. 2(a)),
the hot solution (feed) was supplied to directly contact
with the hot membrane side surface using a gear
pump. The vapor was moved by the pressure differ-
ence across the membrane to the permeate side and
condensed inside the membrane module. An elec-
tronic balance connected to a data logger was used to
continuously measure water flux through the
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Table 1
Summary of model equations for DCMD and VMD [1,2]
Meaning Equation No.
Antoine equation for vapor pressure estimation p2(T) = exp (a _ VL_JT ) (1
Effect of salt concentration on vapor pressure __ O 2
Porp Pu(T, C) = 140573575
Flux equation Ji = %(pw(Tm.fa Cnf) = Po(Tp, Cinp)) 3)
Transport coefficient for Knudson diffusion By — 1.0642 ( % ) 05 4)
Transport coefficient for molecular diffusion B, — 1D:(M 05 )
27 Yo (m,,,)
T t coefficient for Poiseuille fl s ( MP,, 6
ransport coefficient for Poiseuille flow By = 01257 <;¢RTW) (6)
Overall transport coefficient Bi=—1<—+B; @)
(1)
Temperature polarization in feed side (DCMD) . - (T,, +:_£Tf> T~ JipAH, ®
mf =
T+ <1+%)
Temperature polarization in permeate side (DCMD) I, (Tp +’,’lTp> T4 pAH, 9
Tm,p = !
hm
ity (“W)
Temperature polarization in feed side (VMD) Tog=Ts— % (10
\ f

Wettability Contact angle (°) Porosity (%)
Hydrophobic 145 75
Hydrophobic 1204 70

Table 2
Characteristics of the MD membranes used in this study (from the manufacturer)
Membrane Pore size Effective area Membrane
materials (nm) (cm?) type
PVDF 0.22 12.2 Flat-sheet
0.45
PTFE 0.22 12.2 Flat-sheet
1.0

membrane. In VMD configuration (Fig. 2(b)), a vac-
uum pump was used to create a vacuum in the per-
meate membrane side. The range of vacuum was
between 100 and 200 mbar. The vapor passing through
the membrane was condensed in the cold trap and
collected in the permeate tank, where an electronic
balance was connected to measure the flux. In both
systems, temperatures in feed sides and permeate sides

were controlled using a water bath. Moreover, the
recirculation flow rates ranged from 0.2 to 1.6 L/min.
Experiments were carried out under various oper-
ating conditions, The effects of membranes, feed tem-
perature, degree of vacuum, flow rate, and feed
solution on permeate flux were investigated for VMD
membranes. Experiments under similar conditions
were performed for DCMD membranes to compare
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Fig. 1. Basic configuration for (a) DCMD and (b) VMD.

these two membrane systems. For DCMD, however,
the effect of temperature difference on flux was exam-
ined instead of the effect of the degree of vacuum.
Detailed operating conditions are summarized in
Table 3.

4. Results and discussion
4.1. Direct Contact Membrane Distillation

First of all, a set of fundamental tests were per-
formed in the DCMD system under various condi-
tions. Then, the results were quantitatively compared
with those in VMD system.

4.1.1. Effect of feed temperature

Fig. 3 shows the dependence of flux through MD
membrane on time at various feed temperatures in
the DCMD system. The PVDF membrane with the
pore size of 0.22 um was used for these tests. The per-
meate temperature was constant at 20°C. The flow
rates for feed and permeate were 24 and 15.6L/h,
respectively. As expected, the MD permeate flux
increases with increasing the feed temperature due to
an increased vapor pressure difference. At 50°C of
temperature difference between feed and permeate,
the average flux was about 20kg/ mz—h, which is
almost five times than the flux at 20°C of the tempera-
ture difference.

4.1.2. Effect of flow rate

Fig. 4 shows MD permeate flux at two different
flow rate conditions in the DCMD system. The feed
and permeate temperatures were 60 and 20°C,
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respectively. It is evident from the plot that the high
flow rate led to increased flux. This is attributed to
the reduction in TP by increasing crossflow velocities
at both membrane sides. Nevertheless, it is likely that
the effect of flow rate on flux was less significant than
that of feed temperature. With increasing the flow rate
by 1.5 times, the permeate flux increase only by 1.25
times (12 kg/mz-h — 15 kg/mz—h).

4.1.3. Effect of feed salt concentration

Since MD uses vapor pressure difference, it is rela-
tively less sensitive to the osmotic pressure of feed
solution than RO. Thus, MD permeate flux is not
highly dependent on salt concentration in feed solu-
tion. As shown in Fig. 5, less than 15% of flux reduc-
tion was observed in DCMD tests with an increase in
feed concentration by five times.

4.2. Vacuum Membrane Distillation
4.2.1. Effect of feed temperature

Experiments were carried out using the VMD
system under similar conditions to the DCMD case,
as illustrated in Fig. 6. In VMD, the permeate tem-
perature cannot be directly controlled. Instead, the
degree of vacuum was controlled using a vacuum
pump, which was set to 100mbar for this test set.
Same membrane (PVDF, 0.22um) was used under
similar feed temperature conditions. Unlike the case
of DCMD, permeate flux at low temperature was
negligible. At 50°C, the flux in DCMD was approxi-
mately 8kg/m?h, while that in VMD was less than
1kg/m>h. As increasing in the temperature, how-
ever, the flux in VMD rapidly increases. At 70 °C,
the flux in DCMD was approximately 20kg/ m2-h,
while that in VMD was over 35kg/m?-h. (1) This is
because of negligible heat transfer though the gas
phase and membrane materials under reduced pres-
sure conditions [12]. Based on these results, it is
clear that the VMD has advantages over DCMD at
high feed temperature conditions. Fig. 7 compares
the average flux values for DMCD and VMD at
different temperatures.

4.2.2. Effect of feed flow rate

Fig. 8 shows MD permeate flux at two different
feed flow rate conditions in the VMD system. The
feed temperature and degree of vacuum were 60°C
and 100 mbar, respectively. Just like DCMD, the flux
in VMD also increases with increasing feed flow rate.
The following equation was obtained from the linear
regression of the experimental data:
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Fig. 2. Schematic diagram (a) DCMD system (b) VMD system.

] =0.200Q +7.61 R*=0.99 for DCMD (1)
J=0216Q +5.68 R*=0.99 for VMD (2)

where | is the flux (kg/m*h) and Q is the flow rate
(L/h). This suggests that the flux is almost linearly
proportional to the flow rate at high flow rate
conditions [2].

| | Cold trap

Permeate tank

=]l

Balance PC

)

Vacuum |
Pump

4.2.3. Effect of degree of vacuum

In VMD, the vacuum pressure in permeate side is
related to the flux through the membrane because it
affects the vapor pressure difference across the
membrane. Fig. 8 shows the effect of the degree of
vacuum on flux in the VMD system at two different
flow rate (Q) conditions. The feed temperature was
60°C for this test set. As expected, the flux increases
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Table 3

Operating conditions of laboratory-scale MD systems

Item Condition
Operation type DCMD
Effective membrane area 12.2cm?

VMD
12.2 cm?

Flow rate Feed 24,36, 48L/h 24,36, 48L/h
Permeate 15.6, 24.0, 31.8L/h -
Membrane PVDF 0.22, 0.45 pm 0.22, 0.45 um
PTFE 1.0 pm 1.0 um
Solution Feed D.I water, 0.2, 0.5 1.0 M NaCl D.I water, 0.2, 0.5 1.0M NaCl
Permeate D.I water -
Temperature Feed 40, 50, 60, 70°C 40, 50, 60, 70°C
Permeate 20°C -
Vacuum pressure Feed - -
Permeate - 100, 125, 150 mbar

i
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Fig. 3. Effect of feed temperature on flux in DCMD. (a) flux profiles (b) average flux. Experimental conditions: membrane
— PVDF 0.22 pm; Qfeea =24 L/h; Qpermeate = 15.6 L/h; Teeeq =40, 50, 60, 70°C; Tpermeate =20 C; feedwater—D.I. water.

with decreasing vacuum pressure [11]. Under higher
flow rate conditions, the effect of the degree of vac-
uum becomes more important. A linear regression
between the degree of vacuum and water flux indi-
cated that the absolute values of the slope are
0.148 kg/m>-h-mbar at Q=24 L/h and 0.261 kg/m>h-
mbar at Q=48 L/h, respectively. This suggests that
the flux is more sensitive to flow rate at higher flow
rate conditions (see Fig. 9).

4.2.4. Effect of feed salt concentration

Fig. 10 shows the effect of NaCl concentration on
flux in the VMD system. As also shown in DCMD

system, the flux slightly decreases with increased feed
concentration in VMD. This suggests that VMD as
well as DCMD can be applied for seawater desalina-
tion of high recovery ratio [3].

4.2.5. Effect of membrane material and pore size

In the VMD system, flux profiles for different
membranes were compared as shown in Fig. 11. The
feed temperature was 60°C and the degree of vacuum
was 100 mbar. In case of PVDF membrane with the
pore size of 0.45um, the flux was unstable from the
beginning, indicating that the membrane wetting
occurred. In case of PTFE membrane with the pore
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Fig. 4. Effect of feed and permeate flow rates on flux in
DCMD. Experimental conditions: membrane - PVDF
0.22 um; Tteeq = 60°C; Tpermeate = 20 °C; feedwater—D.1. water.

size of 1.0 pm and PVDF membrane with the pore size
of 0.22 um, the membranes were not wetted. Accord-
ing to the manufacturer’s specification, the bubble
points for PVDF 0.22pum, PVDF 0.45um, and PTFE
1.0 um membranes were 1.24, 0.56, and 1.0 bar, respec-
tively. Considering the pressure difference between
the feed and permeate in the VMD, it appears that the
PVDF 0.22pm membrane is the most appropriate.
Although PTFE 1.0 um membrane showed a higher
flux than PVDF 0.22 pm membrane, its bubble point
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Fig. 5. Effect of NaCl concentration of feed solution on flux
in DCMD. Experimental conditions: membrane — PVDF
0.22 pmy; Qfeed =24 L/h/ Qpermeate =156 L/h/ Tfeed =60 OC/'

Tpermeate =20°C, feedwater—0.2, 0.5, and 1.0M of NaCl

solutions.

(~1.0bar) seems to be too close to the pressure differ-
ence (~0.9 bar).

4.3. Theoretical analysis

A simple model was applied to further investigate
DCMD and VMD systems as described in Table 1. To
begin, the model was verified and calibrated using the
experimental results. All the parameters for the
membrane materials were obtained in the literature.
To estimate CP and TP, the Sherwood and Nusselt
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Fig. 6. Effect of feed temperature on flux in VMD. (a) flux profiles (b) average flux. Experimental conditions: membrane —
PVDF 0.22pm; Qfeea =24 L/h; Qpermeate=15.6 L/h; Tteeq =45, 50, 55, 60, 65, 70°C; Pyacyum =100 mbar; feedwater—D.L

water.
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correlations were used. In addition, the parameters
related to heat losses through the membrane were
determined by non-linear regression with experimen-
tal data. Based on this approach, TP values were esti-
mated to 059 for DCMD and 0.87 for VMD.
Depending on the temperature, TP values were a little
bit different but they were assumed to be constant in
each configuration for simple calculation. As show in
Fig. 12, the model fits the experimental data well.
Using the model, the efficiency of DCMD and
VMD can be compared under various conditions.
From previous results, it is clear that VMD showed
higher flux at high feed temperature and high flow
rate. Based on the model analysis, it is attributed to
the degree of vacuum used in this study. According
to the Antoine equation, the vapor pressure at 20°C is
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Fig. 9. Effect of degree of vacuum on flux in VMD.
Experimental  conditions: ~membrane-PVDF  0.22 um;
Qfeea =24, 48 L/h; Tieeq =60°C; feedwater—D.I. water.

about 23mbar while the lowest vacuum pressure in
our tests was 90mbar. Although other factors can
affect the water vapor transport through the mem-
brane, the degree of vacuum appears to be insufficient
to show higher flux in VMD than DCMD. Neverthe-
less, the effect of vacuum and other factors become
more important at high temperature or high flow rate
conditions, allowing higher flux in VMD than DCMD.

Fig. 13 shows the simulation results using the
model for seawater desalination under various recov-
ery ratios. Here, the recovery is defined as the ratio of
permeate (produce water) to the feedwater, which is
also the water yield of operation. Again, the feed tem-
perature was 60°C and the permeate temperature for
DCMD and degree of vacuum for VMD were 20°C
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Fig. 8. Effect of feed flow rate (a) flux profiles, (b) comparison of VMD with DCMD. Experimental conditions:
membrane—PVDF 0.22 um); Tteeq = 60°C; Pyacuum = 100 mbar; feedwater—D.1. water.
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Fig. 11. Effect of membrane type on flux in VMD.
Experimental conditions: membrane-PVDF 0.22 pm, PVDF
045um, and PTFE 1.0um; Qfea=24 L/h; Py.coum=
100 mbar; Teeq = 60°C; feedwater—D.1. water.

and 100 mbar, respectively. Initially, two MD systems
result in similar performances. Nevertheless, the per-
meate flux decreases with increasing recovery up to
0.6, which corresponds to the salt concentration over
1.5M. At higher recovery, the flux in DCMD was
higher than that in VMD due to relatively high vac-
uum pressure (=100mbar). Although the data are not
shown, the flux in VMD may be higher than that in
DCMD under lower vacuum pressure conditions (or
higher degree of vacuum).

5. Conclusions

In this work, the flux of DCMD and VMD was
compared under various conditions to provide insight
into the design and optimization of MD systems. The
following conclusions can be drawn:

membrane-PVDF 022 um; Qeeq=24 L/h; Pyacuum=100mbar;

Tfeed =60 QC;
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Fig. 12. Comparison of model calculation with experimental
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(1) At low feed temperature, the flux in the DCMD
system was higher than that in the VMD system.
Based on the theoretical analysis, it is likely that
the relatively low degree of vacuum (>90 mbar) is
the main reason for this trend.
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Fig. 13. Simulation of seawater desalination process using
the MD model. Model conditions: membrane-PVDF
0.22 pmy; Qfeed:24 L/h; Qpermeate:15'6 L/h; Pyacuum
(VMD) =100mbar; Tgeeq =60°C; feedwater—0.6 M of NaCl
solutions (synthetic seawater).

(2) At high feed temperature, the flux in the VMD
system became higher. This is because of negligi-
ble heat transfer though the gas phase and mem-
brane materials under reduced pressure
conditions.

(3) The effect of flow rate was more important in the
VMD system than in the DCMD system. The flux
in the VMD system was almost linearly propor-
tional to the flow rate within the test conditions
in this study.

(4) PVDF membrane with an average pore size of
0.45pm was not suitable for the VMD operation
due to its low entry pressure. Since it could be
used in the DCMD systems, it appears that the
optimum membrane for DCMD and VMD should
be different.

(5) A simple model was applied to analyze and pre-
dict the performance of MD systems, allowing
better understanding of the characteristics of dif-
ferent MD configurations

Nomenclature

B; — transport coefficient in MD
(kg/m?s Pa)

B — transport coefficient for Knudson
diffusion (kg/m?s Pa)

B, — transport coefficient for molecular
diffusion (kg/m?s Pa)

Bs — transport coefficient for Poiseuille
flow (kg/m’s Pa)

C, — salt concentration (M)

AH, — heat of vaporization (kJ/kg)
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he — heat transfer coefficient in the feed
boundary layer (W/m?-K)

N — heat transfer coefficient in the
membrane (W/m?*K)

hy, — heat transfer coefficient in the
permeate boundary layer
(W/m*K)

i — permeate flux

M — molecular weight of water
(kg/mol)

P — average partial pressure in the
membrane pore (Pa)

Pw — vapor pressure of aqueous
solution (Pa)

° — vapor pressure of pure water (Pa)

R — gas constant (J/mole-K)

r — pore radius of membrane (m)

T — temperature (K)

T — average temperature of the
membrane (K)

Tt — temperature at the feed membrane
surface (K)

Tomp — temperature at the permeate
membrane surface (K)

T¢ — feedwater temperature (K)

Ty — permeate temperature (K)

Yin — reciprocal of the drafting factor

0 — thickness of the membrane (m)

u — viscosity of the vapor (Pa-s)

& — porosity of the membrane

p — density of water (kg/m?)

T — tortuosity of the membrane
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